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Summary 

A study of  o p t i c a l  waveguides and waveguide components, 
i n i t i a t e d  on a previous con t r ac t ,  has been cont inued.  Emphasis has 
been on the  development of l a r g e - s i z e  waveguide and components which 
operate  i n  a single-mode manner. The a n t i c i p a t e d  a p p l i c a t i o n s  of 
t hese  devices  include l a se r  communication and t r ack ing  systems. 

The waveguide po r t ion  of t h i s  s tudy  has  been d i r e c t e d  
toward obtaining a p r a c t i c a l ,  a l l - s o l i d ,  d i e l e c t r i c - s l a b  waveguide. 
A s i g n i f i c a n t  r e s u l t  of t h i s  program has  been t h e  opera t ion  of two 
pseudo-solid waveguides. One of t hese  c o n s i s t e d  of a f u s e d - s i l i c a  
core  with a cladding of a d i f f e r e n t  grade of fused  s i l i c a  having a 
s l i g h t l y  lower r e f r a c t i v e  index. This guide l i m i t s  propagat ion to 
t h r e e  waveguide modes over a l a r g e  temperature range.  The o t h e r  
pseudo-solid guide was f a b r i c a t e d  from p r e c i s i o n  o p t i c a l  g l a s s e s  and 
was a l s o  l i m i t e d  to t h e  t h r e e  lowest-order waveguide modes. The 
waveguide work has a l s o  included t h e o r e t i c a l  and experimental  i n -  
v e s t i g a t i o n s  of var ious  f a b r i c a t i o n  techniques inc lud ing  p r e c i s i o n  
glass  machining, o p t i c a l  cementing, p r e c i s i o n  annea l ing  of glass,  
proton and neutron i r r a d i a t i o n ,  and vacuum depos i t i on .  I n  a d d i t i o n ,  
var ious  novel types of o p t i c a l  waveguides have been s t u d i e d .  In -  
cluded are d i e l e c t r i c  guides  wi th  a low-index core ,  metal  plasma 
waveguides, and a b i s e c t e d  vers ion  of t he  p rev ious ly  s t u d i e d  d i e l e c -  
t r i c - s l a b  waveguide. 

The e f f o r t  on components dur ing  t h i s  r e p o r t i n g  pe r iod  has 
been devoted t o  the experimental  s tudy of waveguide d i r e c t i o n a l  
couplers  and a waveguide l a se r .  S lo t - type  coup le r s  have been implemen- 
t e d ,  and coupling ranging from 7 to 1 7  db has been demonstrated. The 
v a r i a t i o n  of the  amount of coupling w i t h  waveguide cond i t ions  i s  shown 
t o  agree w i t h  theory al though the  a c t u a l  magnitude of t h e  observed 
coupling i s  lower than t h a t  p red ic t ed  by a simple t h e o r e t i c a l  model. 
An evanescent - f ie ld  coupler  has a l s o  been t e s t e d .  However, coupl ing 
has  not  y e t  been observed i n  t h i s  c o n f i g u r a t i o n  - probably because of 
a d i f f e rence  i n  phase v e l o c i t y  e x i s t i n g  between t h e  component wave- 
guides,  which upse ts  one of t he  necessary  c o n d i t i o n s  f o r  Coupling. 
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An experimental  model of a waveguide laser  has  been 
I implemented. This l a s e r  comprises a core of Nd-doped g l a s s  and a 

end of the waveguide form t h e  l a s e r  c a v i t y .  Near- and f a r - f i e ld  
r a d i a t i o n  c h a r a c t e r i s t i c s  of th i s  laser,pumped below threshold , in-  
d i c a t e  an in tense ,  d i r e c t e d  Seam a t  a wavelength of 1.06 microns 
caused by d i r e c t e d  f luorescence .  It i s  expected that  l a s i n g  
w i l l  occur when the e f f e c t i v e  Q of  the resonant  c a v i t y  i s  increased .  

~* l i q u i d  cladding.  P a r t i a l l y  t r ansmi t t i ng  aluminum mir rors  a t  e i t h e r  

J 

These s t u d i e s  and experiments are considered confirmation 
of t h e  gene ra l  f e a s i b i l i t y  of a l l - s o l i d  waveguide components, and the  
experimental  work on the s l o t  coupler i n d i c a t e s  t he  p r a c t i c a l i t y  of 

I designing such components. 
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. 
I. In t roduct ion .  

This r e p o r t  covers a t h i r t e e n  month program f o r  development 
of o p t i c a l  waveguides and waveguide components. The work was per- 
formed during the per iod  FEJ3 1965 t o  MAR 1966, and is a cont inua t ion  
of a previous program on the same top ic  ( R e f .  7 ) . The ob jec t ive  of 
the e n t i r e  program is t o  develop a single-mode waveguide medium f o r  
cons t ruc t ion  of high performance o p t i c a l  components, and t o  i n v e s t i -  
gate and develop component designs similar t o  those a v a i l a b l e  a t  
microwave f requencies .  

guide composed of a core d i e l e c t r i c  surrounded by a cladding 
d i e l e c t r i c  of lower r e f r a c t i v e  index. 
w i t h  p r a c t i c a l  dimensions i n  which propagation i s  r e s t r i c t e d  t o  a 
s i n g l e  mode, the d i f f e rence  i n  r e f r a c t i v e  indexes between core and 
cladding i s  made v e r y  small. This approach r e s u l t s  i n  a guide which 
has a l l  the advantages of single-mode opera t ion  and y e t  is s u f f i c i e n t -  
l y  large f o r  component development. The propagation c h a r a c t e r i s t i c s  
of t h i s  guide were inves t iga t ed  ex tens ive ly  on the previous c o n t r a c t  
and component designs were s tudied .  E f f o r t  on the p resen t  c o n t r a c t  
has been d i r e c t e d  t o  development of the waveguide i n  more rugged, 
p r a c t i c a l  conf igura t ions  u t i l i z i n g  s o l i d  materials only, and t o  
f a b r i c a t i o n  and t e s t i n g  of several component des igns .  

c o n t r a c t  are descr ibed i n  Sect ions I1 and I11 of t h i s  r e p o r t .  
a~~ C I A V I A  I1 descrjbes the various approaches toward development of 
a completely s o l i d  waveguide medium; s e c t i o n  I11 descr ibes  the 
development of a d i r e c t i o n a l  coupler and a single-mode l a s e r  f a b r i c a -  

guide Modes i n  a Bisec ted  D i e l e c t r i c  Slab", t o  be published a s  a 
correspondence i n  the Journa l  of t he  Opt ica l  Soc ie ty  of America is 
inc luded  a s  Appendix I of t h i s  r e p o r t .  T h i s  paper descr ibes  the non- 
convent ional  behavior of a d i e l e c t r i c  waveguide cons t ruc ted  wi th  a 
rea l  metal b i s e c t i c g  nz l l .  Appendix I1 presen t s  a survey of past and 
p r e s e n t  work i n  the f i e l d  of o p t i c a l  waveguides. Detailed r e s u l t s  of 
an i n v e s t i g a t i o n  of i r r a d i a t i o n  techniques for i'omiicg o p t i c a l  wave- 
guides  a r e  presented i n  Appendix 111. 

The waveguide which has been u t i l i z e d  i s  a d i e l e c t r i c  wave- 

I n  order  t o  provide a waveguide 

The p r i n c i p a l  results of the i n v e s t i g a t i o n  on the p resen t  

- - - L f  -- 

ted wi th in  the waveguide medium. A paper e n t i t l e d ,  I1 Opt ica l  Wave- 
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11. Waveguide Development. 

A t h e o r e t i c a l  and experimental  i n v e s t i g a t i o n  of techniques 
f o r  f a b r i c a t i o n  of o p t i c a l  waveguide i s  presented i n  t h i s  s e c t i o n .  
The objec t ive  has been the  development of a waveguide medium which 
i s  rugged, capable of opera t ion  over a wide temperature range, and 
which i s  s u i t a b l e  f o r  cons t ruc t ion  of compact components. Severa l  
types of waveguide have been inves t iga t ed ;  t h e  g r e a t e s t  e f f o r t  has 
been d i r e c t e d  t o  the  d i e l e c t r i c  waveguide w i t h  very small d i f f e rence  
i n  r e f r a c t i v e  index between core and cladding.  The e s s e n t i a l  
requirement i s  two m a t e r i a l s  w i th  very good o p t i c a l  q u a l i t y  having 
r e f r a c t i v e  indexes d i f f e r i n g  by a r equ i r ed  small amount. 
The requirement tha t  t he  waveguide be i n s e n s i t i v e  t o  temperature 
v a r i a t i o n s  has r e s t r i c t e d  the  cons ide ra t ion  t o  s o l i d  ma te r i a l s  only.  
An i n v e s t i g a t i o n  of p o t e n t i a l  s o l i d  ma te r i a l s ,  a s  we l l  as techniques 
f o r  obtaining a small d i f f e r e n c e  i n  r e f r a c t i v e  index between them as 
requi red  by t h i s  waveguide a r e  discussed i n  P a r t  B of t h i s  s e c t i o n .  
However, f i r s t ,  a number of a l t e r n a t e  waveguide conf igu ra t ions  which 
have been considered a r e  d iscussed  i n  P a r t  A .  F i n a l l y ,  var ious 
techniques f o r  assembling the composite materlials i n  the r equ i r ed  
waveguide conf igura t ion  a r e  presented i n  P a r t  C .  

A .  Configurat ions.  

The f i r s t  waveguide conf igu ra t ion  considered i s  the 
d i e l e c t r i c - s l a b  waveguide w i t h  a core  d i e l e c t r i c  surrounded by a 

r' 

cladding d i e l e c t r i c  of s l i g h t l y  lower r e f r a c t i v e  index. A s  mentioned, 
t h i s  type has received the g r e a t e s t  e f f o r t  and i t s  theory of opera- 
t i o n  has been presented i n  d e t a i l  i n  previous r e p o r t s .  Although the 
theory of operat ion i s  r a t h e r  s t r a igh t fo rward ,  i t s  p r a c t i c a l  
implementation i s  d i f f i c u l t  because of t h e  severe  requirements on t h e  
r e f r a c t i v e  index of t he  waveguide materials. However, t h i s  waveguide 
has been success fu l ly  operated i n  l i q u i d - s o l i d  and pseudo-solid 
conf igura t ions  and the observed performance i s  i n  e x c e l l e n t  agreement 
wi th  the  theory.  Spec i f i c  problems r e l a t e d  to i t s  p r a c t i c a l  imple- 
mentation are t r e a t e d  i n  P a r t s  B and C below. 

" 
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A v a r i a t i o n  of the d i e l e c t r i c  waveguide descr ibed above, 
u t i l i z e s  a core d i e l e c t r i c  surrounded by cladding d i e l e c t r i c  of 
h ighe r  r e f r a c t i v e  index. 
bo th  t h e o r e t i c a l l y  and experimentally,  i n  a slab conf igura t ion .  

having a well-defined f i e l d  p a t t e r n  and a p a r t i c u l a r  propagation 
cons tan t .  However, the number of modes i s  determined s o l e l y  by t h e  
waveguide s i z e  and r e f r a c t i v e  index of the core,  and i s  independent 
of the d i f f e rence  i n  r e f r a c t i v e  index between core  and cladding 
reg ions .  Also, a l l  of t h e  modes propagate with some a t t enua t ion ,  
i .e. ,  the waveguide supports  only leaky modes. The a t t e n u a t i o n  
depends on the d i f f e rence  i n  r e f r a c t i v e  index, and is d i f f e r e n t  f o r  
d i f f e r e n t  modes. Theref ore, some mode d i sc r imina t ion  can be obtained 
by index s e l e c t i o n  of the core and cladding ma te r i a l s .  

f o r  the waveguide wi th  low index core f o r  t h e  f i r s t  t h r e e  modes of 
propagat ion i n  waveguide s i z e s  of 50 and 100 wavelengths i s  shown i n  
Fig.  1. ( I t  should be noted tha t  the d i e l e c t r i c  cons tan t  is equal t o  
the square of the r e f r a c t i v e  index f o r  l o s s l e s s  media. The d i f f e rence  
i n  d i e l e c t r i c  cons t an t s  (Ak) i s  equal  t o  twice t h e  product of r e f r a c -  
t i v e  index and d i f f e rence  i n  r e f r a c t i v e  index (Ak = 2n An) when the 
d i f f e r e n c e  i s  small. Therefore, Ak and An are l i n e a r l y  r e l a t e d ,  
d i f f e r i n g  only by a f a c t o r  of  about three, and e i ther  t e r m  can be 

used depending on which i s  more convenient.  ) The curves i n  F ig .  1 

i n d i c a t e  tha t  the a t t e n u a t i o n  is g r e a t e r  f o r  h igher  order  modes, but  
decreases  as both the d i f f e rence  in d i e l e c t r i c  cons tan ts  and the 

waveguide s i z e  are increased.  It i s  p o s b i b l ~  tc ze lep t  the waveguide 
parameters t o  ob ta in  an operat ing poin t  where the  a t t e n u a t i o n  f o r  
the lowest order  ( m  = 1) mode i s  t o l e r a b l e  f o r  some app l i ca t ions ,  and 
ye t  the a t t e n u a t i o n  of higher modes is s u f f i c i e n t  f o r  mode discr imina-  
t i o n .  For example, f o r  a 100 wavelength guide with a d i f f e rence  i n  
d i e l e c t r i c  cons t an t s  of 2 x 
m = 1 mode and 9.5 db/cm f o r  the m = 2 mode. 

This waveguide has a l s o  been i n v e s t i g a t e d  

# Analysis i n d i c a t e s  that there a r e  d i s c r e t e  modes of .propagation, each 

A graph of a t t e n u a t l o n  vs .  d i f f e r e n c e  i n  d i e l e c t r i c  cons t an t s  
+ 

the  loss i s  2 .5  db/cm f o r  the  

The above resul ts  suggest t ha t  while the waveguide wi th  low 
index core i s  no t  as a t t r a c t i v e  as the  conventional type because of 
the inhe ren t  a t t enua t ion ,  i t  m y  be useful f o r  c e r t a i n  s p e c i f i c  
a p p l i c a t i o n s .  
a scanning device.  The d i r e c t i o n  of the leakage r ad ia t ion  from the  

One such app l i ca t ion  which was i n v e s t i g a t e d  b r i e f l y  i s  
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. 
sides of the waveguide depends on the d i f f e rence  i n  d i e l e c t r i c  
cons tan ts  between the core and cladding regions.  Therefore, i f  one 
of the waveguide media were made of a n  e l e c t r o - o p t i c  mater ia l ,  the 
d i r e c t i o n  of the radiated beams could be scanned e l e c t r o n i c a l l y .  

Another type of waveguide which has been s tud ied  b r i e f l y  
as an a l t e r n a t i v e  approach f o r  a solid waveguide is a metal plasma 
waveguide. Most metals a c t  as a plasma a t  o p t i c a l  f requencies .  
Waveguides u t i l i z i n g  a plasma as the core reg ion  and a conventional 
d i e l e c t r i c  f o r  the cladding have been proposed and analyzed by o the r s  
( R e f .  5 ) . A conf igura t ion  which could be implemented a t  o p t i c a l  
f requencies  would be a l a y e r  of metal, such as s i l v e r  o r  aluminum, 
deposi ted on a glass s u b s t r a t e ;  the metal serves as the plasma core  
and the glass o r  a i r  surrounding i t  as the cladding. 

o p t i c a l  f requencies ,  ( R e f .  3)  such a waveguide can have high 

a t t enua t ion .  I n  order  t o  reduce the a t t enua t ion ,  i t  i s  necessary t o  
design the guide s o  that  most of the energy propagates i n  the glass 
o r  a i r  region, rather than the metal. T h i s  can be achieved by 
making the metal very t h i n ,  i . e . ,  a small f r a c t i o n  of a wavelength. 
I n  t h i s  case,  the e f f e c t i v e  waveguide s i z e  (de f ined  as the reg ion  
within which most of t h e  energy propagates) is many wavelengths 
i n  s i z e .  However, even f o r  the case of a very t h i n  m e t a l ,  the  
a t t e n u a t i o n  i s  a t  l eas t  a few db/cm. Also the theory of opera t ion  
becomes complicated when the metal i s  very t h i n  and f a b r i c a t i o n  i s  
more d i f f i c u l t .  I n  view of these l i m i t a t i o n s ,  t h i s  type of-waveguide 
1s r i u b  ' ~ u L ~ ~ ~ ~ ~ - - -  ---4aa*aii 3 s  a t t r a c t i v e  as the d i e l e c t r i c  type, and f u r t h e r  
i n v e s t i g a t i o n  i s  n o t  planned. 

However, s i n c e  metals are r e l a t i v e l y  l o s s y  plasmas a t  

B. Mater ia l s .  

An i n v e s t i g a t i o n  of s o l i d  waveguide ma te r i a l s  has been 
conducted s p e c i f i c a l l y  f o r  the d i e l e c t r i c - t y p e  waveguide. The 
fundamental requirements of the bulk materials f o r  t he  component 
parts of the g u i k  6ri.e: 

loss) at. the opera t ing  wavelength, ( 2 )  the material must be very 
(1) the d i e l e c t r i c  must be t r anspa ren t  (low 
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homogeneous, i . e . ,  t h e  v a r i a t i o n  i n  r e f r a c t i v e  index must be very  
small. I n  add i t ion  t o  these  requirements on the  bulk mater ia l ,  i t  
i s  necessary t o  obta in  two such ma te r i a l s  having a d i f f e r e n c e  i n  
re f rac t ive  index i n  the  range of t o  

Three ma te r i a l s  which have been considered a r e  g l a s s ,  fused  
S i l i c a  and pbas t i c s .  I n  general ,  the  h ighes t  q u a l i t y  o p t i c a l  g l a s s e s  
have s u f f i c i e n t  homogeneity s p e c i f i c a t i o n s  f o r  the waveguide app l i ca -  
t i o n .  
astronomical ob jec t ive  q u a l i t y ,  b o r o s i l i c a t e  crown (BK-7) g l a s s  from 
t h e  Schott-Jena company. I n i t i a l  eva lua t ion  of t h i s  ma te r i a l  was 
performed by t e s t i n g  t h i n  slabs, 75  mm x 2 5  mm x .054mm, which were 
f a b r i c a t e d  by o p t i c a l  g r inding  and po l i sh ing .  The g l a s s  slab, 
85 wavelengths wide, formed t h e  waveguide core  and was immersed i n  
a l i q u i d  (chlorobenzene) c ladding.  I n  genera l ,  opera t ion  of t h i s  
waveguide was e x c e l l e n t ,  Single-mode ope ra t ion  was e a s i l y  achieved 
and under multi-mode condi t ians ,  a l l  h igher  o rde r  modes were c l e a r l y  
v i s i b l e .  This g l a s s  is considered a s u i t a b l e  m a t e r i a l  f o r  waveguides 
i n  s i z e s  up t o  100 wavelengths. 

Various grades of fused  s i l i c a  a r e  commercially a v a i l a b l e  
which have s t a t e d  homogeneity s p e c i f i c a t i o n s  s u f f i c i e n t  f o r  t he  
waveguide app l i ca t ion .  The Ultrasi l  grade of fused  s i l i c a  manufac- 
t u r e d  by Engelhard I n d u s t r i e s  has  been tes ted i n  the  same arrangement 
as tha t  described above. A .06 mm ( 9 5  wavelengths) slab of 
U l t r a s i l  was immersed i n  a tu rpen t ine  c ladding .  Although i t  was 
p o s s i b l e  t o  achieve single-mode operat ion,  the modes observed were 
not  as c l e a r  a s  those f o r  t he  BK-7 g l a s s .  Consequently, a l though 
fused  s i l i c a  i s  s t i l l  considered a s a t i s f a c t o r y  waveguide ma te r i a l ,  
i t  w i l l  p re ferab ly  be used i n  waveguide s i z e s  of about 50 wavelengths 
where the  mater ia l  requirements a r e  less s t r i n g e n t .  

Another c l a s s  of m a t e r i a l s  i n v e s t i g a t e d  f o r  t he  waveguide 
medium a r e  the  various types of p l a s t i c .  I n  gene ra l ,  t h e  o p t i c a l  
q u a l i t y  of p l a s t i c s  is not  s u f f i c i e n t  f o r  t h e  waveguide a p p l i c a t i o n  
because of i n s u f f i c i e n t  homogeneity. The only one w i t h  n e a r l y  
s u f f i c i e n t  homogeneity i s  methyl methacrylate  (common names l u c i t e  
and p l e x i g l a s  ) which has  an index v a r i a t i o n  of the order  of 10 . 
However, l u c i t e  is not  commercially a v a i l a b l e  i n  sheets t h i n  enough 
f o r  a waveguide core .  An order  was placed wi th  Nat ional  Photocolor 

The g l a s s  which has been used ex tens ive ly  i n  t h i s  work i s  

-4  
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I 1  

Corp. (maker of t h i n  p l a s t i c  sheets c a l l e d  " p e l l i c l e s " ) ,  but  they 
were unable t o  c a s t  l u c i t e  i n  t h i n  sheets with good su r face  q u a l i t y .  
A brief experimental  attempt conducted a t  Wheeler Labora tor ies  t o  
c a s t  l u c i t e  on a pool of mercury was a l s o  unsuccessful .  For the 
above reasons,  the use of p re sen t ly  a v a i l a b l e  p l a s t i c s  as waveguide 
ma te r i a l s  i s  no t  considered feasible . 

A s  mentioned previously,  a major problem t o  be overcome 
a f t e r  s e l e c t i o n  of the bulk material i s  that of ob ta in ing  two such 
materials w i t h  a very small, but p rec i se  d i f f e r e n c e  i n  r e f r a c t i v e  
index. For the waveguides of 50 to 100 wavelength s i z e  being de- 
veloped, the requi red  d i f f e rence  i n  r e f r a c t i v e  index i s  from 
t o  A number of techniques which have been i n v e s t i g a t e d  f o r  
achieving t h i s  d i f f e rence  are: (1) heat re - t rea tment  of glass, 
( 2 )  s e l e c t i o n  of s l i g h t l y  d i f f e r e n t  grades of a given material, 
and ( 3 )  atomic i r r a d i a t i o n .  

i d e n t i c a l  samples of glass, which were made from the same m e l t ,  are 
re-annealed through s l i g h t l y  d i f f e r e n t  temperature cyc les .  Af t e r  
t reatment ,  both samples w i l l  have i d e n t i c a l  p r o p e r t i e s  except 
t ha t  the r e f r a c t i v e  indexes d i f f e r  by the  desired amount. 

glass i s  treated b r i e f l y  i n  R e f .  2 .  Two methods of annealing, 
(1) cons tan t  temperature and ( 2 )  cons tan t  cool ing r a t e ,  a r e  discussed. 
For t y p i c a l  g l a s ses ,  the constant  cool ing ra te  method r e q u i r e s  l e s s  
s t r i n g e n t  temperature c o n t r o l .  However, both methods appear feasible  
leu- GGF zqi j i rements .  

Heat re- t reatment  of g1a:s is a technique whereby two 

The e f f e c t  of hea t  treatment on the  r e f r a c t i v e  index of 

A conference was held wi th  r ep resen id t ivez  e? Bausch and 
Lomb, Inc. ,  Rochester, N. Y. t o  d i scuss  the f e a s i b i l i t y  of heat 
re - t rea tment  techniques.  Subsequent t o  t h i s  meeting, an order  f o r  
two samples of glass with a r e f r a c t i v e  index d i f f e rence  of lo-' and 
index v a r i a t i o n  wi th in  the ind iv idua l ,  p ieces  l imited t o  was 
p laced  w i t h  B&L. Upon r e c e i p t  of th i s  glass, waveguide par ts  were 
f a b r i c a t e d  by gr inding  and pol i sh ing  t h i n  slabs from the h igher  index 
material t o  s e r v e  as the  core,  and t h i c k e r  s l a b s  from the low index 

t e s t i n g  i n  what w e  have c a l l e d  a pseudo-solid waveguide - conf igura t ion ,  
I n  t h i s  arrangement, i l l u s t r a t e d  i n  Fig.  2, a t h i n  core  is sandwiched 

material f o r  the cladding. These slabs were then  assemb1t.u 3 - 2  P n l ,  
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between two claddings,  and the  e n t i r e  assembly i s  immersed i n  l i q u i d .  
The l i q u i d  r eg ion  i s  very t h i n  and serves  only t o  fill the gap be- 

tween the core and cladding. Ul t imate ly ,  the core and cladding w i l l  
be jo ined  by one of the techniques discussed la ter ,  t hus  e l imina t ing  
the l i qu id  e n t i r e l y .  

t i o n  as the r e f r a c t i v e  index of the l i q u i d  was var ied .  With the 
index equal  to ,  o r  greater than, the core index, the guide was 
r e s t r i c t e d  t o  three modes of propagation, independent of the l i q u i d  
index. This suggests tha t  the d i f f e rence  i n  r e f r a c t i v e  index between 
the two g l a s s e s  was about 4 x which is larger  than  that requi red  
f o r  single-mode opera t ion  w i t h  t h i s  th ickness .  Subsequent t o  these 
tests,  measurement of the r e f r a c t i v e  indexes of these g l a s s e s  a t  
B&L i n d i c a t e d  a r e f r a c t i v e  index d i f f e rence  of 3 x + 1.5 x 
Therefore, the value of 4 x suggested by the waveguide evalua- 
t i o n  fa l l s  wi th in  the to l e rance  of the B&L measurement and tends t o  
v e r i f y  the conclusions regarding the waveguide behavior.  

twenty degree Centigrade temperature range w i t h  no observable change 
i n  propagation c h a r a c t e r i s t i c s .  This experiment confirms t h a t  a wave- 
guide f a b r i c a t e d  e n t i r e l y  from s o l i d  ma te r i a l s  can operate  i n  a 
stable manner over a wide temperature range. When the  index of the 
l i q u i d  was lower than  the core index, the  presence of t he  l iqu id  was 
apparent  and the number of modes var ied  wi th  the index of the l i q u i d .  
This behavior  i n d i c a t e s  t ha t  even a t h i n  layer of d i e l e c t r i c  cannot 
be t o l e r a t e d  between the core  and cladding if i t s  r e f r a c t i v e  index i s  
lower than  that  of the core.  However, LiiE a.crccezf1~1 Operation when 
the index of the l i q u i d  i n  the  gap was high i s  s i g n i f i c a n t  i n  that i t  
suggests assembly of the waveguide parts by cementing techniques as 
d iscussed  l a t e r .  Although single-mode opera t ion  was not  achieved, 
Bausch and Lomb r e p o r t s  t h a t  it should be poss ib l e  t o  obta in  the re- 
q u i r e d  index d i f f e rence  of 1 x on another  t ry ,  using the same 
h e a t  re- t reatment  technique. 

The second technique mentioned f o r  ob ta in ing  ma te r i a l s  with 
the r equ i r ed  small d i f fe rence  i n  r e f r a c t i v e  index i s  specii'ic s e l z c t i z ~  
of m a t e r i a l s .  
S u p r a s i l  have been inves t iga ted .  Both grades of s i l i c a  have s u f f i -  
c i e n t  homogeneity spec i f i ca t ions ,  and a l s o  are repor ted  t o  have a 

The pseudo-solid waveguide was tes ted by observing propaga- 

- 

It was poss ib l e  t o  operate  t h i s  guide over a t  least  a 

I n  p a r t i c u l a r ,  *do grades nf fused s i l i c a ,  U l t r a s i l  and 
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nominal index d i f f e rence  of lo-*. These materials could be used t o  
f a b r i c a t e  a waveguide wi th  Ul t ras i l  (which has the h ighe r  index) as 
the core, and Supras i l  a s  the cladding.  However, a s e r i o u s  l i m i t a t i o n  
of t h i s  technique i s  that  t he  index of the ind iv idua l  grades can vary 
by as much as from batch t o  ba tch .  Therefore t h e r e  i s  a 
r e l a t i v e l y  small p r o b a b i l i t y  of ob ta in ing  the  r equ i r ed  index d i f f e r e n c e  
by a random s e l e c t i o n  of samples from the two grades .  Nevertheless,  
i n  order  t o  eva lua te  the ma te r i a l s ,  samples of Ultrasi l  and S u p r a s i l  
s i l i c a  were f a b r i c a t e d  i n t o  waveguide co res  and claddings respec-  
t i v e l y ,  and were t e s t e d  i n  the pseudo-solid conf igura t ion .  The 
r e s u l t s  were similar t o  those obtained w i t h  the glass m a t e r i a l s  
except t h a t  t h e  modes were not  as c l e a r . 8 ~  wi th  the glass guide,  when 
the  index of the l i q u i d  ( t u r p e n t i n e )  was h igher  than t h e  core index, 
three modes propagated; when the l i q u i d  index was lower than  the  
core index, the number of modes va r i ed  w i t h  the  index of the l i q u i d .  
These r e s u l t s  i n d i c a t e  an  index d i f f e r e n c e  of about 4 x lom5 which 
i s  q u i t e  reasonable based on the  r epor t ed  v a r i a t i o n  from ba tch  t o  
ba t ch .  I n  view of  the somewhat poorer  performance compared t o  that  
observed for the  pseudo-solid glass waveguide, and because of the 
random s e l e c t i o n  process,  t h e  s e l e c t i o n  of grades of fused  s i l i c a  
i s  not  considered as a t t r a c t i v e  a technique f o r  s o l i d  waveguide 
f a b r i c a t i o n  as the hea t  re - t rea tment  technique d iscussed  e a r l i e r .  

d i f f e rence  i n  r e f r a c t i v e  index i s  atomic i r r a d i a t i o n .  The b a s i c  
approach here  i s  t o  s t a r t  w i t h  a sample of high q u a l i t y  o p t i c a l  
ma te r i a l  and change the r e f r a c t i v e  index of p a r t  of t h e  material by 

i r r a d i a t i o n .  A waveguide can then  be fabr icated e i ther  by, (1) 
f a b r i c a t i n g  cores  and claddings from the i r r a d i a t e d  and u n - i r r a d i a t e d  
regions and then assembling as a waveguide, o r  ( 2 )  i r r a d i a t i n g  a t h i n  
l o c a l i z e d  region corresponding t o  the s i z e  of a waveguide co re  w i t h  

the un - i r r ad ia t ed  region serv ing  as the  c ladding .  This second 
technique e l imina tes  the need f o r  s epa ra t e  f a b r i c a t i o n  of co res  and 
claddings.  

e f f e c t s  on o p t i c a l  ma te r i a l s  has been conducted,and i s  presented  i n  
d e t a i l  i n  Appendix I1 of t h i s  r e p o r t .  Only the more s i g n i f i c a n t  
r e s u l t s  of t h i s  study a r e  presented below. 

The t h i r d  technique f o r  acqu i r ing  materials wi th  a small 

A survey and s tudy of var ious types  of r a d i a t i o n  and t h e i r  

t 
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There are two fundamental processes  f o r  inducing an index 
change i n  o p t i c a l  materials such a s  glass. The f i r s t  technique i s  
t o  introduce absorpt ion bands ( c o l o r  cen te r s )  i n t o  the material 
which have an index change assoc ia ted  with them. This requ i r e s  some 
form of i on iz ing  r a d i a t i o n  such as gamma rays.  The amount of index 
change which can be achieved by t h i s  technique i s  gene ra l ly  very 
small, being marginal even f o r  the waveguide appl ica t ion .  A l s o  the 
amount of absorpt ion which i s  introduced can be p r o h i b i t i v e .  A 

method of avoiding the  absorpt ion i s  t o  induce co lo r  cen te r s  i n  the 

u l t r a v i o l e t  region of the spectrum while operat ing the  waveguide i n  
the v i s i b l e .  The absorpt ion i n  the v i s i b l e  band i s  n e g l i g i b l e  but  
s u f f i c i e n t  index change i s  present  t o  form a waveguide. Although the  
co lo r  cen te r  approach d i d  not  appear promising enough f o r  experimental  
testing on t h i s  cont rac t ,  i t  w i l l  be considered as a poss ib l e  tech-  
nique f o r  f u t u r e  work. 

t o  i r radiate  the  mater ia l  w i t h  p a r t i c l e s  such as neutrons and protons,  
which cause displacements of the atoms and a r e s u l t a n t  dens i ty  change. 
Densi ty  changes may be obtained which correspond t o  a change i n  the 
index of the material as large as lo-'. 

obtained, t h i s  technique was considered i n  @;reate;' decai l  both on d 
t h e o r e t i c a l  and experimental  bas i s .  Study of the  pene t r a t ion  depth 
of neutrons and protons i n d i c a t e s  tha t  neutron pene t r a t ion  i s  always 
large compared t o  the  width of a t y p i c a l  waveguide, while the  pene- 
t r a t i o n  depth of protons can be made comparable t o  the waveguide 
width.  Therefore, neutron i r r a d i a t i o z  ie nppl'rcable f o r  changing 
the bulk  p rope r t i e s  of a mater ia l ,  which can then be fabr ica ted  i n t o  
a core  or cladding.  On the  o ther  hand,proton i r r a d i a t i o n  might be 

used t o  irradiate the  sur face  of a mater ia l  t o  form a waveguide core,  
w i t h  t he  remaining s u b s t r a t e  a c t i n g  as the  cladding.  I r r a d i a t i o n  
with protons i s  discussed i n  greater d e t a i l  i n  P a r t  C where assembly 
techniques are considered. 

%.e Trariation of r e f r a c t i v e  index with neutron i r r a d i a t i o n  
f o r  both fused  s i l i c a  and g l a s s  i s  discussed i n  Appzridix 111- The 
neut ron  dosage t o  produce 8 change il?, r e f r a c t i v e  index of 1 x 10 , 
as requ i r ed  f o r  a single-mode waveguide of l O O A  dimensions, i s  

The second method of changing the inde;, of a d i e l e c t r i c  i s  

I n  view of t he  rather large index change wh4.ch can be 

-5 
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neutrons/cm2, I n  order  t o  experimentally confirm these  c a l -  
cu la t ions ,  t h r e e  samples of Ult rasi l  fused  s i l i c a  were s e n t  t o  
Brookhaven National Laborator ies  (BNL) f o r  neutron i r r a d i a t i o n  i n  
t h e i r  r e a c t o r .  These samples w i l l  r ece ive  dosages of 2 . 5  x 10 , 
5 x 10l6 and 10 x 10l6 neutrons/cm2 which correspond 
times of 1, 2 and 4 weeks r e spec t ive ly .  The samples 'have not  y e t  
been r e tu rned  from BNL. Actually,  the dosage t imes mentioned above 
should r e s u l t  i n  an index change which i s  g r e a t e r  than 1 x 
however, t hese  experiments a r e  intended as d iagnos t ic  t es t s  t o  
determine the exact  index change f o r  t h i s  p a r t i c u l a r  grade of s i l i c a .  
Also, t h e  index change can be reduced a f t e r  i r r a d i a t i o n  by r e -  
annealing; t h i s  w i l l  provide a method t o  " t r i m "  the material for t h e  
exact  index d i f f e rence  requi red .  

The technique of index modi f ica t ion  by i r r a d i a t i o n  with 
atomic p a r t i c l e s  i s  considered a feasible  technique and w i l l  be 
i n v e s t i g a t e d  f u r t h e r .  However, t h e  use of neutrons t o  mcodify t h e  
bulk index of a mater ia l ,  al though f e a s i b l e ,  does no t  appear a s  
a t t r a c t i v e  as the heat re- t reatment  technique d iscussed  previous ly .  
On the  o the r  hand, the use of protons t o  modify l i m i t e d  reg ions  of 
a ma te r i a l  is considered a t t r a c t i v e  because i t  e l imina te s  t h e  need 
f o r  s epa ra t e  f a b r i c a t i o n  of t he  waveguide par ts  as d iscussed  below. 

16 

t o  i r r a d i a t i o n  

C .  Fab r i ca t ion .  

A number of techniques have been considered f o r  f a b r i c a t i o n  
of a l l - s o l i d  waveguides. F i r s t ,  techniques f o r  assembling samples of 
waveguide ma te r i a l s  which have previous ly  been processed t o  have the 
requi red  index d i f f e rence  and have been f a b r i c a t e d  i n t o  co res  and 
claddings are discussed.  Second, t h e  technique of r a d i a t i n g  l i m i t e d  
regions of a ma te r i a l  t o  form waveguides wi thout  separate f a b r i c a t i o n  
of cores  and claddings i s  presented .  F i n a l l y ,  an i n v e s t i g a t i o n  of 
vacuum-deposition techniques f o r  waveguide f a b r i c a t i o n  i s  reviewed. 

I n  the f i rs t  approach, waveguide co res  and c laddings  such 
a s  those u t i l i z e d  i n  the  pseudo-solid waveguide experiment would be 
permanently bonded toge the r .  The most obvious technique i s  t o  bond 
the  Pieces  toge ther  wi th  an o p t i c a l  cement having a r e f r ac t ive  index 
equal  t o  e i t h e r  the core  o r  the Cladding, Unfortunately,  o p t i c a l  
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cements whose index can be se l ec t ed  t o  t h i s  p r e c i s i o n  are not 
p r e s e n t l y  ava i l ab le .  However, t h e  results of the pseudo-solid wave- 
guide experiment i n d i c a t e d  that  a d i e l e c t r i c  m a t e r i a l  (such as an 
o p t i c a l  cement) can be used between the core and cladding provided 

the index is  h igher  than both the core and cladding.  Such a wave- 
guide is i l l u s t r a t e d  i n  F ig .  3. Subsequent a n a l y s i s  of t h i s  wave- 
guide has confirmed that  a high index d i e l e c t r i c  can be used between 
the core and cladding, provided the index i s  not  t oo  high and the 
l a y e r  i s  no t  t o o  th i ck .  Analysis i n d i c a t e s  the th ickness  should be 
l i m i t e d  t o  about one wavelength (although a th ickness  of a few wave- 
lengths was p resen t  i n  the experimental pseudo-solid waveguide). 
Within these l i m i t a t i o n s ,  a waveguide which i s  single-mode without  the 
cement will opera te  single-mode.with the h igh  index cement. The 
a t t e n u a t i o n  of the higher ( l eaky)  modes i s  somewhat lower than f o r  
the simple guide, bu t  is s t i l l  expected t o  be s u f f i c i e n t  f o r  mode 
d iscr imina t ion .  

An a l t e r n a t i v e  technique f o r  bonding the core and cladding 
materials i s  t o  heat the g l a s s e s  t o  t h e  mel t ing  po in t  and f u s e  them 
toge the r .  The problem wi th  t h i s  technique, of course,  is t ha t  such 
heat t reatment  w i l l  change the o p t i c a l  p r o p e r t i e s  of the glass. For 
this technique t o  r e s u l t  i n  a high q u a l i t y  glass a f t e r  fus ion ,  the 
glass would have t o  be cooled as i n  a normal anneal ing cyc le .  The 
r e s u l t i n g  index d i f f e r e n c e  between the two g l a s s e s  might be q u i t e  
different  from tha t  p r i o r  t o  assembly. However, Bausch and Lomb has 
i n d i c a t e d  t h a t  i t  may be f e a s i b l e  t o  s e l e c t  two types of g l a s s  which 
C C I ~ J . ~ ~  be fused toge the r  i n  t h i s  way, and which would have the desired 
index d i f f e rence  a f t e r  annealing. BoweV-e~, i t  i not a convent ional  
process ,  and e s t ima tes  are it would r e q u i r e  about a one man-year 
development program. Because of the developmental na ture  of t h i s  
technique, i t  was no t  Inves t iga t ed  f u r t h e r  on the present  c o n t r a c t .  

slab t o  form a waveguide has been mentioned previous ly  and i s  i l l u s -  
t ra ted i n  Fig.  4(a)  . 
tjniti surfzce layer  is used t o  change the index of the glass or s i l i c a .  
In  a d d i t i o n  t o  the requirements f o r  producing the dzsire=! index 
change, i t  is a l s o  necessary that the r a d i a t i o n  have a pene t r a t ion  
depth equal  t o  the desired waveguide s i z e .  Fortunately,  protons i n  

The technique of i r r a d i a t i n g  a su r face  region of a glass 

Some form of r a d i a t i o n  which is absorbed i n  a 
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(b) Direc t iona l  coupler .  

Fig. 4 - Formation of p r i n t e d  waveguides and components by i r r a d i a t i o n  
of g l a s s .  
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the energy range of 1 Mev have a pene t r a t ion  depth of about 30 microns. 
The pene t r a t ion  i s  a func t ion  of the energy of the i n c i d e n t  protons 
and can the re fo re  be c o n t r o l l e d  t o  g ive  the  desired waveguide s i z e .  
The exac t  d i s t r i b u t i o n  of the r e f r a c t i v e  index i n  the a l tered reg ion  
i s  not  s t ra ightforward,  bu t  depends on a number of f a c t o r s  which are 
discussed i n  Appendix 111. However, i t  appears thak by choosing the 
r igh t  p a r t i c l e  energy, and poss ib ly  by varying the  energy during the 
i r r a d i a t i o n ,  i t  should be poss ib l e  t o  obta in  a f a i r l y  homogeneous 
l a y e r  of high index material. 

cause of the p o s s i b i l i t y  of forming "pr in ted"  components. Radiat ion 
would be d i r e c t e d  a t  p a r t i c u l a r  regions of a su r face  e i t h e r  by 
scanning a narrow beam of par t ic les  o r  by us ing  masking techniques.  
An example of how a d i r e c t i o n a l  coupler  might be p r i n t e d  on a glass 
slab, using the masking technique, i s  i l l u s t r a t e d  i n  Fig.  4 ( b ) .  

p e n e t r a t i o n  depth of protons, three samples of U l t r a s i l  fused  s i l i c a  
were s e n t  t o  NASA Goddard Space F l i g h t  Center f o r  i r r a d i a t i o n  wi th  
protons.  The samples were i r r a d i a t e d  with dosages of 1017 t o  
5 x 1017 protons/cm2 a t  an  energy of 1.5 M e V .  

protons/cm2 was i n i t i a l l y  ca l cu la t ed  t o  y i e l d  an index change of 
about 1 x 
i r r a d i a t i o n ,  r ev i sed  c a l c u l a t i o n s  i n d i c a t e d  a much l a r g e r  change 
of about  lo-' would be obtained. Upon r e c e i p t  of the i r radiated 
samples from Goddard, a prel iminary measurement using an Abbe Refrac- 
tometer,  i nd ica t ed  an index change of about The accuracy of 
t h i s  measurement i s  uncertair l  "uzzxze t h e  Abbe i s  not  intended f o r  
measurement of these samples. Even so, the measured value of 

i s  reasonable because some of the index change introduced by 
the i r r a d i a t i o n  may have been removed by annealing, s ince  the samples 
became ho t  during i r r a d i a t i o n .  A more accu ra t e  determinat ion of 
the index of these samples i s  planned during the next con t r ac t  per iod .  

One a d d i t i o n a l  technique which has been considered f o r  
f a b r i c a t i o n  of waveguides i s  vacuum depos i t i on  of d i e l e c t r i c s .  The 
simplest  technique here i s  t o  depos i t  a nigh i i idSX dielectric. 
(which se rves  as tiie c w e >  or! a lower index s u b s t r a t e  ( t h e  c l add ing) .  

This su r face  i r r a d i a t i o n  technique i s  a l s o  a t t r a c t i v e  be- 

I n  order  t o  experimental ly  measure the index change and 

The dosage of 10 1 7  

However, a f t e r  sending these samples t o  Goddard f o r  
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I n  order  t o  determine the  f e a s i b i l i t y  of depos i t ion  techniques,  
a conference was arranged wi th  members of Dr. Georg Hass' group a t  
the Physics Research F a c i l i t y  of ERDL, For t  BelVoir, Va. Conclusions 
are t h a t  vacuum depos i t ion  is no t  considered f e a s i b l e  f o r  f a b r i c a t i o n  
of macroscopic waveguides f o r  the following reasons. .  F i r s t ,  i t  i s  
no t  poss ib l e  t o  depos i t  good q u a l i t y  f i l m s  i n  th icknesses  g r e a t e r  
than  a few microns, and second, the  homogeneity of vacuum-deposited 
d i e l e c t r i c s  i s  i n s u f f i c i e n t  f o r  macroscopic waveguides. I n  a d d i t i o n  
t o  these  problems, t h e r e  i s  the  problem of obta in ing  the  necessary 
small d i f f e rence  i n  r e f r a c t i v e  index between the  deposi ted d i e l e c t r i c  
and the s u b s t r a t e .  For t hese  reasons,  vacuum depos i t ion  i s  not  
considered a f e a s i b l e  technique f o r  f a b r i c a t i o n  of macroscopic wave- 
guide s . 

do not  apply i f  microscopic r a t h e r  than macroscopic waveguides are 
considered. I n  t h i s  case,  the thickness  of a few microns i s  quite 
reasonable and the homogeneity requirements a r e  g r e a t l y  r e l axed  s ince  
t h e  requi red  index d i f f e rence  can be much l a r g e r .  One poss ib l e  
problem which might s t i l l  r u l e  out t h i s  technique i s  s c a t t e r i n g .  
Although vacuum deposi ted d i e l e c t r i c s  have very low s c a t t e r i n g  when 
l i g h t  i s  t ransmi t ted  through a t h i n  l a y e r  (o f  t h e  order  of wave- 
l eng ths )  the  s c a t t e r i n g  may r e s u l t  i n  excess ive  l o s s  when propaga- 
t i n g  through seve ra l  cen t imeters  of t h e  m a t e r i a l .  T h i s  r e q u i r e s  
f u r t h e r  i nves t iga t ion ,  probably of an experimental  na tu re .  Although 

Waveguides, eva lua t ion  of any techniques f o r  o p t i c a l  waveguide and 
component development a r e  t o  be considered.  Theref ore  some l i m i t e d  
i n v e s t i g a t i o n  of vacuum depos i t i on  as a technique f o r  f a b r i c a t i n g  
microscopic waveguides i s  planned. 

Most of the  ob jec t ions  t o  the  depos i t i on  technique 

most of the emphasis on t h i s  p r o j e c t  i s  f o r  development of macroscopic rr 

c 

. 

111. Component Development. 

The cons t ruc t ion  of a v a r i e t y  of o p t i c a l  components w i th in  
a single-mode waveguide has been s t u d i e d  i n  de t a i l  during the c u r r e n t  
program. Preliminary design as w e l l  as e s t i m a t e s  of the performance 

- 
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. 
of such components had been s tud ied  under the previous c o n t r a c t  and 
r e s u l t s  are presented i n  Ref .  7 . Effort on the p resen t  c o n t r a c t  has 

components, a d i r e c t i o n a l  coupler  and a single-mode waveguide laser .  

I device i n  almost any waveguide system and appears i n - a  d i f f e r e n t  
~ form i n  free-space o p t i c a l  systems, The waveguide laser i s  important 

because i t  has some a t t r a c t i v e  features i n  i t s e l f ,  namely single-mode 
o p e r a t i o n w i t h a l l  the a s s o c i a t e d  advantages, and also because i t  is  
the n a t u r a l  approach f o r  incorpora t ing  a laser  source i n t o  an o p t i c a l  
waveguide system. 

I 

- concentrated on the design and experimental  t e s t i n g  of two such 

r The d i r e c t i o n a l  coup le r  i s  important because i t  i s  a fundamental 
I 

I 

A. D i rec t iona l  Coupler. 

A d i r e c t i o n a l  coupler  w i th in  a waveguide medium i s  a device . f o r  d iv id ing  ( o r  coupling) power between two d i f f e r e n t  guides i n  a 
very p r e c i s e  and c o n t r o l l e d  manner. Two bas i c  conf igura t ions  which 
are descr ibed  i n  R e f .  7 and which have been tested on t h i s  c o n t r a c t  
a r e  the evanescent - f ie ld  coupler  and the s l o t  coupler .  The evanescent- 
f i e l d  coupler  i s  treated f i rs t ;  then  the s l o t  coupler  which was 
operated success fu l ly  i s  discussed w i t h  examples of i t s  performance. 

coup le r  i s  shown i n  Fig.  5. Two s o l i d  waveguide cores  are loca ted  
para l le l  and c lose  toge the r  i n  a l i q u i d  cladding.  The waveguide 
cores  i n  t h i s  experiment were formed of BK-7 glass ,and chlorobenzene 
served  as the l i q u i d  cladd'ing. Energy i s  expected t o  couple from 
one guide t o  the other by means of the evant:sl;c;?t f L s l ~ s  extending 
i n t o  the cladding.  The f i e l d s  from t he  e x c i t e d  guide extend i n t o  
the coupled guide and e x c i t e  a propagating mode. The amount of 
coupl ing depends on the waveguide parameters and on the sepa ra t ion  
between the two waveguides. For t he  BK-7 s labs ,  which have a width 
of 85 wavelengths, and wi th  a sepa ra t ion  of 30 wavelengths, the 
c a l c u l a t e d  coupling i n  a 5 cm length i s  -12 db. However, i n  t h e  
expzizente l  t e s t ,  coupling was not  observed. The l i m i t  of d e t e c t i o n  
for t h i s  experiment i s  about -25 db as determined by backgrcizd 

i l l u m i n a t i o n  and d e t e c t o r  rsoiae; t h e r e f o r e  the i n a b i l i t y  t o  observe 
coupl ing impl ies  that the coupled s i g n a l  was lower than t h a t  i n  the 
i n p u t  guide by a t  least  25 db, 

A ske tch  of an experimental model of the evanescent - f ie ld  
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The disagreement between the  c a l c u l a t e d  and observed 
coupling i n  t h i s  p a r t i c u l a r  experiment i s  bel ieved caused by a 
d i f f e rence  i n  t h e  phase v e l o c i t y  of the two waveguides. Such a 
d i f f e rence  would resul t  from a d i f fe rence  i n  r e f r a c t i v e  index between 
the two waveguide cores ,  which i s  poss ib l e  t o  a l i m i t e d  degree because 
of the homogeneity to l e rance  on the glass. The amount of degradat ion 
i n  coupling caused by a d i f fe rence  i n  the phase v e l o c i t i e s  i n  the 
guides  has been treated i n  Refs.l,lQ. An approximate c r i t e r i o n  i s  
tha t  t o  ob ta in  appreciable  coupling, t he  d i f f e rence  i n  the phase 
length of t h e  coupling region i n  t he  two guides must be l e s s  than  
a half-wavelength. For the  5 cm coupling length  employed i n  the 
evanescent - f ie ld  coupler,  the  phase l eng th  i s  about 10 wavelengths 
and a d i f f e rence  i n  phase length of a half  wave i s  not  unreasonable.  
I n  o rde r  t o  overcome the problems involved i n  the evanescent - f ie ld  
coupler ,  a number of techniques a r e  app l i cab le .  F i r s t ,  t he  d i f f e rence  
i n  phase v e l o c i t y  could be reduced by improved homogeneity; however, 
t h i s  i s  d i f f i c u l t  because t h e  g l a s ses  u t i l i z e d  are a l ready  of the 
h ighes t  q u a l i t y  p re sen t ly  ava i l ab le .  An a l t e r n a t i v e  approach i s  t o  
reduce the waveguide s i z e .  For waveguides opera t ing  i n  only a single 
mode, the coupling inc reases  as the  waveguide s i z e  i s  reduced. 
Therefore,  a given amount o f  coupling could be achieved i n  a s h o r t e r  
coupl ing region, i f  the waveguide s i z e  were reduced. Although i t  i s  
be l i eved  t h a t  an evanescent-f ie ld  coupler  can be operated i n  a smaller 
s i z e  (of  the order  of 50 wavelengths) , tes t ing of t h i s  coupler was 
deferred i n  f avor  of t h e  s lo t - type  coupler ,  which provides 
0' m - a = \ + . e r  -- coupling than the evanescent-f ie ld  type and can the re fo re  be 
made t o  operate  with t h e  e x i s t i n g  l a r g e - s i z e  w a v e g d i 2 2 .  

t ed  i n  Fig.  6. This coupler  consists of two b i s e c t e d  waveguides 
(see Appendix I )  with a common b i s e c t i n g  w a l l  between them. 
i s  provided i n  the b i s e c t i n g  wall  t o  allow coupling of energy from 
one guide t o  the o the r .  The coupling c a l c u l a t e d  a s  a func t ion  of the 
d i f f e rence  i n  d i e l e c t r i c  constants  between core and cladding f o r  the 
LWO l--,--+ I W W G ~ U  pAvr--o n-nnavating - modes is  i l l u s t r a t e d  i n  F ig .  7 .  The coupling 
i n c r e a s e s  as the  d i f f e rence  i n  d i e l e c t r i c  cons tan ts  i nc reases .  
Theref ore,  t o  ob ta in  maximum couplir,g urrder single-mode condi t ions,  

5 

An example of the  s lo t - type  d i r e c t i o n a l  coupler  i s  i l lustra- 

A " s l o t r '  
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the  guide i s  operated with the  l a r g e s t  d i f f e rence  i n  d i e l e c t r i c  
cons t an t s  t h a t  i s  compatible with single-mode opera t ion .  
of coupling a l s o  inc reases  a s  the  waveguide s i z e  i s  decreased; how- 
ever  appreciable  coupling can be obtained with t h e  s l o t  coupler  f o r  
guides  85 wavelengths wide. 

An experimental model of t he  s l o t  coupier  was cons t ruc ted  
by vacuum deposi t ing aluminum on two BK-7 g l a s s  s l a b s  and assembling 
these  a s  shown i n  P ig .  6 .  A photograph of the  aluminized s l a b s  i s  
shown i n  F ig .  8 .  
coupling lengths  of 0, 2 . 5  and 5 cent imeters  can be obtained by using 
d i f f e r e n t  v e r t i c a l  l oca t ions  on the  slabs. The BK-7 s l a b s  forming 
the waveguide cores a re  loca t ed  with the  aluminized su r faces  i n  
mutual contac t ;  the  assembly i s  then immersed i n  a chlorobenzene 
cladding. 
model i n  t h a t  there  i s  a t h i n  l a y e r  of l i q u i d  cladding i n  the  coupling L 

region between the  two guides .  i n  the  i d e a l  case t h e  waveguide cores  
a r e  i n  in t imate  con tac t .  The e f f e c t  i s  t o  reduce coupling below t h a t  
c a l c u l a t e d  f o r  t he  i d e a l  case a s  d i scussed  l a t e r .  

The amount 

The non-aluminized region i s  the coupling s l o t ;  

The experimental  model d i f f e r s  somewhat from t h e  i d e a l  

Experimental measurements of t h i s  coupler  were performed 
under a v a r i e t y  of d i f f e r a n t  condi t ions  by photographing and 
measuring the  f i e l d  p a t t e r n s  a t  the  output  plane of t he  two waveguides 
when only one was exc i t ed .  I n  a l l  cases ,  t h e  guide was e x c i t e d  w i t h  

a plane wave f r o m  a He-Ne gas  laser  operated a t  0 .6328 microns. The 
measured p a t t e r n s  were taken by p r o j e c t i n g  an en larged  image of t h e  
waveguide outputs  and scanning t h i s  image w i t h  a small a p e r t u r e  
photoce l l .  

coupled waveguides opera t ing  i n  the  TM-1 mode a r e  shown i n  F igs .  9 
through 12 f o r  increas ing  values  of d i f f e r e n c e  i n  d i e l e c t r i c  cons t an t  
( t h e  coupling length was 2.5 cm i n  a l l  c a s e s ) .  
v s .  d i f f e rence  i n  d i e l e c t r i c  cons tan ts ,  obtained from these  measure- 
ments, i s  presented i n  F ig .  7 f o r  comparison wi th  the  c a l c u l a t e d  
curves.  It can be seen t h a t  t h e  measured coupl ing i s  lower by about 
7 db. I n  s p i t e  of the d i f f e rence  between t h e  measured and c a l c u l a t e d  
curves,  t hese  r e s u l t s  a r e  Considered i n  good agreement because, 
(1) the  v a r i a t i o n  o r  change i n  coupling wi th  d i e l e c t r i c  Constant 
d i f f e rence  i s  near ly  i d e n t i c a l  t o  t h a t  c a l c u l a t e d ,  and ( 2 )  the  

Pa t t e rns  of the  f i e l d  d i s t r i b u t i o n  i n  both inpu t  and 

A p l o t  of the coupling 

i 
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Fig. 8 - Photograph of aluminized BR-7 g l a s s  sia’us TOP S l o t  c o u p l e r .  
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Fig .  11 - Measured mode p a t t e r n  of coupled waveguides; TM-1 mode, 
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F i g .  12 - Measured mode p a t t e r n  of coupled waveguides; "4-1 mode, 
Ak P 6.4 x e x c i t a t i o n  on axis .  
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d i f fe rence  i n  magnitude i s  bel ieved caused by the  t h i n  l a y e r  of 
c ladding mater ia l  i n  the coupling region as mentioned ear l ie r .  This 
t h i n  l a y e r  of cladding causes the  guide t o  opera te  similar t o  an 
evanescent f i e l d  coupler  wi th  very small spacing, t he  major e f f e c t  
being a reduct ion i n  coupling. It i s  be l ieved  tha t  t h i s  e f f e c t  can 
be e l imina ted  i n  improved, a l l - s o l i d  conf igura t ions  of t h e  slot 
coupler  by using cementing techniques , for  example. The lower coupling 
observed may a l s o  be p a r t i a l l y  a t t r i b u t e d  t o  a d i f f e rence  i n  phase 
v e l o c i t y  between t h e  two waveguides as d iscussed  previous ly  f o r  the 

evanescent - f ie ld  coupler .  However, t h i s  e f f e c t  should be smaller 
than before  because of t h e  s h o r t e r  ( 2 . 5  cm) coupling l eng th .  

pendent of the  angle  of i n c i d e n t  r a d i a t i o n ;  a v a r i a t i o n  i n  the  ex- 
c i t a t i o n  angle .should r e s u l t  only i n  a change i n  the  absolu te  s i g n a l  
l e v e l  i n  both the inpu t  and coupled waveguides. I n  o rder  t o  check 
t h i s  proper ty  experimentally,  a number of p a t t e r n s  were recorded a s  
the  angle  of i nc iden t  r a d i a t i o n  was va r i ed .  Comparison of F igs .  12 
and 13 i n d i c a t e s  t h a t  t h e  coupling i s  very n e a r l y  the  same f o r  on- 
a x i s  e x c i t a t i o n  as f o r  o f f - ax i s  e x c i t a t i o n  i n  the  nega t ive  d i r e c t i o n ;  
however, t he  p a t t e r n  i n  F ig .  14 i n d i c a t e s  t he  coupling i s  lower f o r  
e x c i t a t i o n  i n  the  p o s i t i v e  o f f - a x i s  d i r e c t i o n .  !This d i f f e r e n c e  is 
bel ieved  caused by t h e  presence of some h ighe r  modes which have no t  
been s u f f i c i e n t l y  a t tenuated ;  improved e x c i t a t i o n  as well as damping 
of leaky waves i n  the cladding should e l imina te  t h e  problem. 

t h e  coupler,  the  d i f f e r e n c e  i n  d i e l e c t r i c  cons t an t s  was inc reased  s o  

t h a t  t h e  TM-3 mode could propagate.  
coupling i s  given i n  F ig .  15; a s  f o r  the TM-1 mode, the coupling i s  
lower  than  t h a t  c a l c u l a t e d .  A measured curve of the TM-3 coupl ing 
v s .  d i f f e rence  i n  d i e l e c t r i c  cons tan ts  based on measurements a t  two 
values of d i e l e c t r i c  cons tan t  i s  p l o t t e d  i n  F ig .  7 .  The coupling 
va r i e s  somewhat d i f f e r e n t l y  from t h a t  c a l c u l a t e d ;  however, i t  i s  
d i f f i c u l t  t o  make a comparison because of the l a c k  of d a t a  p o i n t s  
f o r  the measured curve.  
TM-3 mode i s  exc i ted ,  whereas i t  i s  d i f f i c u l t  exper imenta l ly  t o  
avoid e x c i t a t i o n  of the  TM-1 mode. The presence of t h e  TM-1 mode 

I n  a single-mode waveguide coupler ,  t he  coupling i s  inde-  

I n  order  t o  provide a d d i t i o n a l  d a t a  on t h e  performance Of - 

A p a t t e r n  showing TM-3 mode 

Also, t h e  c a l c u l a t i o n s  assume t h a t  only t h e  
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F i g .  13 - Measured mode pattern of coupled waveguide; TM-1 mode, 
Ak = 6.4 x excitation -0.4' o f f  axis. 
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I 
A v a r i e t y  of techniques f o r  c o n t r o l l i n g  t h e  number of t r a n s -  

verse  l a s e r  modes have been developed. F a b r i c a t i o n  of l a s e r s  i n  a 
waveguide medium has been suggested a s  an  a d d i t i o n a l  technique.  If 

a single-mode waveguide, f a b r i c a t e d  f rom a makerial  capable  of 
populat ion inversion,  i s  terminated by plane mi r ro r s  t o  form a 
resonant  cav i ty ,  t he  r e s u l t i n g  l a s e r  w i l l  o s c i l l a t e  i n  only a s i n g l e ,  
t r ansve r se  mode. All o t h e r  modes " leak"  from t h e  waveguide and, 
t he re fo re ,  have i n s u f f i c i e n t  g a i n  for o s c i l l a t i o n .  Such a laser,  
u t i l i z i n g  the la rge-s ize ,  single-mode waveguide emphasized on t h i s  

I 

w i l l ,  of course, a f f e c t  the  TM-3 mode coupling. Therefore,  w i t h i n  
the r e s t r i c t i o n s  mentioned, t he  r e s u l t s  a r e  considered i n  reasonable 
agreement wi th  the  theory.  

One add i t iona l  p a t t e r n  showing TM-9 mode coupling i s  given 
i n  F ig .  16 .  T h i s  p a t t e r n  i s  presented only a s  a v e r i f i c a t i o n  t h a t  
energy can be coupled from any given mode i n  one guide t o  the  same 

I __ 

mode i n  the  o ther  guide.  I n  the  i d e a l  case,  t h e  coupling inc reases  
f o r  t he  h ighe r  modes a s  t h e  d i f f e rence  i n  d i e l e c t r i c  cons t an t s  i s  
increased,  provided the  modes can be i n d i v i d u a l l y  e x c i t e d .  I n  most 
app l i ca t ions ,  the  waveguides forming a d i r e c t i o n a l  coupler  would be 

r e s t r i c t e d  t o  a s i n g l e  mode of propagation. However, experiments 
with multi-mode coupling a r e  o f t e n  u s e f u l  f o r  analyzing coupler  
operat ion,  and some l i m i t e d  a p p l i c a t i o n s  of multi-mode couplers  may 
e x i s t .  

Future e f f o r t  on the development of t h e  s l o t  coupler  w i l l  
be d i r e c t e d  t o  e l imina t ion  of t he  l i q u i d  cladding l a y e r  between the  
two guides  by cementing techniques a s  d i scussed  previously,  and t o  
implementation of  the  coupler  i n  completely s o l i d  form. An example 
of how an a l l - s o l i d  model might look i s  shown i n  F ig .  1 7 ,  which i s  
a photograph of t h e  b i s e c t e d  BK-7 g l a s s  waveguides sandwiched between 
two t h i c k e r  s l a b s  of c ladding g l a s s .  I n  a working model, t h e  
b i sec t ed  cores  w i l l  be f a b r i c a t e d  from t h e  high index Bausch and Lomb 
g l a s s  (d iscussed  i n  Sec t ion  11), the  claddings w i l l  be f a b r i c a t e d  
from the  low Index g l a s s ,  and the  p a r t s  t hen  permanently cemented 
toge the r .  

B. Waveguide Laser ,  
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Fig. 16 - Measured mode pattern of coupled wavcg-iides; TM-9 modez 
Ak = 85 x 
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Fig. 1 7  - Proposed model  of a l l - s o l i d ,  slot d i r e c t i o n a l  c o u p l e r .  
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c o n t r a c t  has some unique advantages. On one hand, i t s  th re sho ld  pump 
power w i l l  be 3ower than  conventional 1 cm rod lasers because of the 
reduct ion  i n  a c t i v e  volume. Therefore, CW opera t ion  can be obtained 
with lower pump powers. 
lower than f o r  the l a r g e r  l a s e r ) .  
laser has an  a c t i v e  volume about 2000 t i m e s  l a r g e r  'than a single-mode 
f i b e r  laser with a more conventional index d i f fe rence ;  the g r e a t e r  

( O f  course t h e  output  power w i l l  a l s o  be 
On the o the r  hand a 5 0 A  single-mode 

volume i n  t h i s  case permits  a higher  output  power. However, the main 
motivation f o r  consider ing waveguide lasers on t h i s  con t r ac t  has 
been the desire t o  develop a l a s e r  source compatible wi th  the o t h e r  
components t o  be designed i n  the  waveguide system. For example, 
such a laser could serve as the  l o c a l  o s c i l l a t o r  of a waveguide 
heterodyne de tec to r .  While i t - i s  expected t h a t  the u l t ima te  appl ica-  
t i o n s  f o r  such a laser w i l l  r equi re  CW operat ion,  i n i t i a l  t e s t i n g  has 
been r e s t r i c t e d  t o  pulsed operation. 

f i g u r a t i o n s  were considered. It was decided t o  r e s t r i c t  i n i t i a l  work 
t o  l i q u i d - s o l i d  systems t o  avoid the f a b r i c a t i o n  problems inhe ren t  i n  
an a l l - s o l i d  conf igura t ion .  This l e f t  two genera l  arrangements t o  be 
considered, a l iqu id-core  waveguide with s o l i d  cladding, and a s o l i d -  
core  waveguide with l i q u i d  cladding. I n  both of t hese  conf igura t ions ,  
e i t he r  the core o r  the cladding o r  both could be a l a s e r - a c t i v e  material. 

materials, i t  was determined t h a t  only the c h e l a t e  laser comprising 
europium benzoylacetonate (Eu$) i n  a lcohol  s o l u t i o n  ( R e f .  4) appeared 
of value f o r  our  app l i ca t ion .  
abso rp t ion  a t  the pump frequency, a very d e s i r a b l e  propercy i n  a b ~ ~ l a l l  

s i z e  laser.  However, even t h i s  material suffers from the experimental  
disadvantages tha t  it i s  chemically uns tab le  and o f t en  r e q u i r e s  cool-  
i n g  t o  -100' C .  
i n  a l l - s o l i d  systems, it was decided t o  concentrate  e n t i r e l y  on s o l i d  
laser materials. 

I n  a d d i t i o n  t o  the l a s e r  requirements, i t  i s  necessary tha t  
a l l y  -.--- - - C h n 4 ~ 1  lllQ U b A  - L U I  n h n s ~ n  U A * Y - - - -  he  capab le  of opera t ing  as a waveguide. This 
p l a c e s  the  a d d i t i o n a l  cons t r a in t  on the l a s e r  mater ia l ,  tha t  i t  have 
a r e f r a c t i v e  index homogeneity of the o rae r  of %is requirement 
rules  out  most of the common, c r y s t a l l i n e ,  l a s e r  materials. I n  f a c t  

Ear ly  i n  t h i s  s tudy  many poss ib l e  laser materlals and con- 

After a brief survey of r epor t ed  and proposed l i q u i d  laser 

The main advantage of Em3 i s  i t s  high 

For these  reasons, a s  w e l l  as our u l t ima te  i n t e r e s t  
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the  only s o l i d  l a s e r  ma te r i a l s  obviously s u i t a b l e  f o r  l a r g e - s i z e  
waveguide app l i ca t ions  a r e  the  var ious Nd-doped g l a s s e s  f a b r i c a t e d  
by continuous melting techniques.  

(Corning Code 0580) i s  of a remarkably high o p t i c a l  q u a l i t y  ( R e f .  9 ) 
and was chosen f o r  t h i s  program. Two disadvantages of t h e  Code 0580 

g l a s s  are: (1) the  l a s e r  output i s  i n  the  i n f r a r e d  (1.06~) s o  

d e t e c t i o n  i s  inconvenient, and ( 2 )  i t  has low pump l i g h t  absorp t ion  
r e l a t i v e  t o  EuB3. A slab of t h i s  g l a s s ,  the  s i z e  of a waveguide core,  
absorbs only about  5% of the  inc iden t  pump l i g h t  on a s i n g l e  pass .  
I n  s p i t e  of these objec t ions ,  i t s  use i s  j u s t i f i e d  because the  pump 
threshold  i s  reasonable and the o p t i c a l  q u a l i t y  i s  e x c e l l e n t .  

prel iminary t e s t s  performed. The waveguide core c o n s i s t s  of a t h i n  
slab of Code 0580 glass, 7 7  mm x 2 5  mm x 0.048 mm, w i th  both ends 
aluminized f o r  4% transmission; the s l a b  i s  immersed i n  dichlorobenzene 
which serves  a s  t he  cladding.  The waveguide and an FX-38A flashlamp 
were loca ted  a t  conjugate f o c i  of an e l l i p t i c a l  r e f l e c t o r .  A ske tch  
of the experimental l a s e r  i s  shown i n  F ig .  18 and a photograph i s  
shown i n  F ig .  1 9 .  A s  can be seen i n  the sketch, t h e  e l l i p s e  i s  
p a r t i t i o n e d  by a g l a s s  window, loca ted  midway between t h e  conjugate  
f o c i .  Water i s  c i r c u l a t e d  through the  sea l ed  upper ha l f  which con- 
t a i n s  t h e  f lash tube ,  while t he  open bottom ha l f ,  which con ta ins  the  
Nd-doped core,  i s  immersed i n  a temperature-control led con ta ine r  of 
dichlorobenzene. 

An Nd-doped soda-lime s i l i c a t e  g l a s s  developed by Corning 

An experimental waveguide l a s e r  has been cons t ruc ted  and 

An a l t e r n a t i v e  conf igu ra t ion  which u t i l i z e s  an e x t e r n a l  
mirror ,  covering both the  core  and cladding,  i s  c u r r e n t l y  being i m -  
plemented t o  achieve a h igher  r e f l e c t i v i t y ,  a s  d i scussed  l a t e r .  For 
a l a s e r  of t h i s  s i z e  the  e x t e r n a l  mir rors  must be very c l o s e  t o  t h e  
ends of t h e  core t o  avoid d i f f r a c t i o n  l o s s e s .  While t h i s  i s  d i f f i c u l t  
f o r  t he  l i q u i d - s o l i d  conf igura t ion ,  i t  w i l l  no t  be a problem i n  f u t u r e  
work wi th  a l l - s o l i d  waveguides, s i n c e  the mi r ro r s  can then  be vacuum 
deposi ted d i r e c t l y  on both t h e  core  and c ladding .  

I n  order t o  f irst  eva lua te  the  laser  as a waveguide, the 
mirrored core was replaced by a similar Nd-doped core  t ha t  was un- 
mirrored. T h i s  waveguide was then  e x c i t e d  w i t h  a p lane  wave from 
a He-Ne (0.6328 micron) gas  l a s e r .  Mode p a t t e r n s  were observed and 
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P i g .  18 - Sketch of experimental laser configuration. 
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mode cut-off  condi t ions  were monitored; i n  a l l  cases  the guide 
operated according t o  theory.  These experiments confirmed the  b a s i c  
s u i t a b i l i t y  of Code 0580 g l a s s  a s  a waveguide mater ia l ;  t h e  l a s e r  
p r o p e r t i e s  of t h i s  g l a s s  have been well e s t a b l i s h e d  by previous work 

a t  Corning Glass Works (Refs .  6,8,9).  

by s c a l i n g  the r e s u l t s  observed wi th  0.6 cm rods of t h i s  g l a s s .  
Measurements performed on a l a rge  number of such rods a t  
Corning ( R e f .  9 ) i nd ica t ed  a threshold energy of 11 jou le s .  I n  
s c a l i n g  t h i s  value t o  our configurat ion,  t h ree  f a c t o r s  were con- 
sidered; (1) a reduct ion  i n  threshold  due t o  the small a c t i v e  volume 
of our configurat ion,  ( 2 )  an increase  i n  threshold  because of t h e  
s m a l l  pump l i g h t  absorp t ion  of the t h i n  slab, and (3) an a d d i t i o n a l  
i n c r e a s e  i n  threshold t o  account f o r  a lower e f f e c t i v e  r e f l e c t i v i t y .  
The r e f l e c t i v i t y  of the p resen t  conf igura t ion  i s  low because of 
aluminum l o s s e s  (about  10%) and the absence of mir rors  on the  
cladding.  
a l l  these f a c t o r s  considered, the p red ic t ed  threshold  energy i s  of 
the order  of 60 j o u l e s  f o r  single-mode opera t ion  and somewhat lower 
f o r  multi-mode operat ion.  
which cover both core and cladding, t he  e f f e c t i v e  r e f l e c t i v i t y  can be 
inc reased  t o  around 96% and the  threshold  w i l l  be reduced t o  about 
9 j o u l e s .  The threshold  can be reduced s t i l l  f u r t h e r  by the  use of 
low l o s s  d i e l e c t r i c  mir rors .  

e n e r g i e s  i n  the range from 1 t o  1 6  jou le s .  Early work used pump 
ene rg ie s  i n  t h i s  range f o r  two reasons: 
ene rg ie s  could damage the t h i n  s l a b  and ( 2 )  an i n i t i a l  c a l c u l a t i o n  
i n d i c a t e d  tha t  t h e  threshold  energy was i n  t h i s  range. 
s o  f a r  has not  r e s u l t e d  i n  observation of laser  a c t i o n .  
observa t ions  of t h i s  laser below threshold  have produced some i n -  
t e r e s t i n g  and informative r e s u l t s .  

Some of t h e  more s i g n i f i c a n t  r e s u l t s  p e r t a i n  t o  material 
s t a b ~ l ~ b y .  It wzc confirmed that  t he  t h i n  core  slabs do not dete- 
r i o r a t e  upon repea ted  pumping a t  energ ies  up t o  1 6  jou le s .  ( I t  had 
been f e a r e d  t h a t  t h i n  cracks observed  a t  rriuch higher pm? energ ies  
i n  t h i c k  rods might occur a t  low energ ies  f o r  the  t h i n  s l a b s  pumped 

The threshold  energy f o r  our conf igura t ion .was  c a l c u l a t e d  

This r e s u l t s  i n  a r e f l e c t i v i t y  of the  order  of 70%. With 

By the use of e x t e r n a l  s i l v e r  mirrors ,  

I n i t i a l  experimental  work has been performed a t  pump 

(1) i t  was f e a r e d  tnaG nigh 

The program 
Nevertheless,  

. -I 1 L-- 
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over a l imi t ed  a r e a . )  Furthermore, t he  dichlorobenzene a l s o  appears  
s u i t a b l e ,  although some d e t e r i o r a t i o n  seems to occur a f t e r  repea ted  
use.  This i s  evidenced by a s l i g h t  c loudiness  a t  room temperature;  
however, t h e  cloudiness  i s  not  observed a t  the  IR opera t ing  tempera- 
t u r e  of 45' and no a l t e r a t i o n  of t h e  index of r e f r a c t i o n  of t he  
l i q u i d  has been de tec ted .  

Near- and f a r - f i e l d  photographs, recorded w i t h  Polaroid IR 
f i l m ,  are reproduced i n  F igs .  20 and 2 1 .  The f a r - f i e l d  photographs 
( F i g .  20) were taken a t  a cons tan t  energy of 1 6  j o u l e s  as t h e  wave- 
guide temperature was var ied .  The r a d i a t e d  beam shown i n  these  
photographs has a l s o  been de tec t ed  w i t h  a phototube and i t s  t i m e  
dependence observed. The beam showed no evidence of t h e  cha rac t e r -  
i s t i c  spiking" common t o  such l a s e r s .  The p a t t e r n s  observed a t  
lower temperatures correspond t o  opera t ion  w i t h  the  r e f r a c t i v e  index 
of t he  waveguide core lower than  t h a t  of t h e  cladding [F ig .  2 0 ( a ) l .  
A s  t h e  temperature i s  raised, t he  r a d i a t e d  beams tend  towards t h e  

on-axis d i r e c t i o n  [F ig .  20 (b ) ]  i n  a manner c h a r a c t e r i s t i c  of t ha t  
observed f o r  s ide  leakage from a low-index-core waveguide (Sec t ion  11). 
The p a t t e r n  changes s i g n i f i c a n t l y  i n  the  v i c i n i t y  of 45OC which 
corresponds t o  z e r o  d i f f e r e n c e  i n  r e f r a c t i v e  index between core  and 
cladding;  above 45OC the  beam has mul t ip l e  near -ax is  lobes  [ F i g .  20 (c )  
and ( d ) ] .  This change i n  shape i s  i n d i c a t i v e  of t h e  onset  of guided 
propagation. No a t tempt  has been made t o  q u a n t i t a t i v e l y  exp la in  the  

f i n e  s t r u c t u r e  of these  beams; t h e i r  complexity a r i s e s  from t h e  
unusual f i e l d  d i s t r i b u t i o n  i n  t h e  a p e r t u r e  r e s u l t i n g  from t h e  p a r t i a l  
mir rors ,  a s  wel l  as the  presence of high o rde r  leaky modes. 

edge t h a t  occurs when the  s lab  i s  operated above the  temperature f o r  
zero  index d i f f e rence .  There i s  no magni f ica t ion  i n  these photo- 
graphs s o  t h a t  mode s t r u c t u r e  i n  t h e  a p e r t u r e  i s  no t  v i s i b l e .  

Fig.  2 1 ( b )  shows a s i m i l a r  photograph taken through a 100 Angstrom 
pass-band f i l t e r  cen tered  a t  1 .06  microns. ~t i s  ev iden t  t h a t  most 
of the  extraneous r a d i a t i o n  around t h e  s l ab  i s  o u t s i d e  the  pass-band 
of t he  f i l t e r  and i s  probably from the  f l a s h  lamp. However, a s i g n i -  
f i c a n t  amount of' r a d i a t i o n  from the  edge i s  w i t h i n  t h e  f i l t e r  pass  
band; t he re fo re ,  t he  observed b r i g h t  edge i s  a t t r i b u t e d  to f l u o r e s -  
cence trapped within the waveguide. 

1 1  

The n e a r - f i e l d  photograph of F ig .  21(a)  shows the  b r i g h t  

I 
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0 (a) T = 42.5 c .  (b) T = 43.7' C .  

I -  

( c j  T = 45.5" I;. 
Fig. 20  - F a r - f i e l d  p a t t e r n  of waveguide 

i 4  T = 4 6 . P  e .  

laser  w i t h  m i r r o r  on co re  on ly .  
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( a )  Near f i e l d  seen through a low-pass f i l t e r  ( A  > 1p). 

( b )  Near f i e l d  seen through a narrow-bandpass f i l t e r  
(100 Angstroms) c e n t e r e d  a t  1 . 0 6  mic rons .  

Fig. 2 1  - Near- f ie ld  p a t t e r n  of waveguide l a s e r  w i t h  m i r r o r  on core  
only (Operat ing tempera ture  48' C )  . 
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I n  summary, the  waveguide l a s e r  has been implemented and 
t e s t e d ,  but l a s e r  a c t i o n  has  not  y e t  been observed. 
observations,  below threshold  energy, confirm the  s t a b i l i t y  of t he  
t h i n  g l a s s  core  and the  l i q u i d  dichlorobenzene cladding i n  an 
optically-pumped environment; below-threshold f luoresence- t rapping  
has  been observed and s tudied .  
r a i s i n g  the  Q of t h e  waveguide cav i ty  by providing " f u l l "  s i l v e r e d  
m i r r o r s  s o  t h a t  l a s i n g  can be obtained a t  a lower pump energy. 

Prel iminary 

Future work w i l l  be d i r e c t e d  toward 

IV.  Conclusions and Recommendations. 

The progress  on a program f o r  development of single-mode 
o p t i c a l  waveguide and waveguide components i s  presented i n  t h i s  

r e p o r t .  
waveguides have been inves t iga t ed  and prel iminary experimental  
eva lua t ions  have been conducted. The s tudy has a l s o  included the  
design and experimental  t e s t i n g  of a d i r e c t i o n a l  coupler  and a l a s e r  
f a b r i c a t e d  i n  waveguide. 

of a waveguide which i s  rugged, compact and r e l a t i v e l y  i n s e n s i t i v e  t o  
ambient temperature v a r i a t i o n s .  To meet these  ob jec t ives  the  
cons t ruc t ion  of waveguides and components from s o l i d  ma te r i a l s  i s  
r equ i r ed .  
a t t e n t i o n  i s  the  d i e l e c t r i c  guide i n  macroscopic (multi-wavelength) 
s i z e  w i u 1  D~~~~~ ---" UALl ru - - - - -  4 ~ ' r f a - n ~ e  i n  r e f r a c t i v e  index between core and 
c ladding .  This guide has  v e r y  a t t r a c t i v e  ope ra t iona l  p r o p e r t i e s  bu t  
r e q u i r e s  t i g h t  t o l e rances  on f a b r i c a t i o n  and materials. I n  a d d i t i o n  
to the development of t h i s  guide, s eve ra l  a l t e r n a t i v e  conf igu ra t ions  
were evaluated,  but  were found t o  be l e s s  a t t r a c t i v e .  A d i f f e r e n t  
ve r s ion  of the  d i e l e c t r i c  guide, with core  index lower than the  
c ladding  has been shown to be u s e f u l  i n  some l i m i t e d  a p p l i c a t i o n s ,  
bu t  s u f f e r s  f r o m  an inhe ren t  a t t enua t ion .  I n  addi t ion ,  a metal 
plasma waveguide was i n v e s t i g a t s d  b 3 ~ t  w8s P I S O  found to have excessive 
LA 3 i- w + ~ n i i ; ,  v u - - - _ _  ti on. 

Various techniques f o r  cons t ruc t ion  of completely s o l i d  

The ob jec t ive  of t h e  waveguide program i s  t h e  development 

The type of waveguide which has rece ived  the  g r e a t e s t  

. , .  
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To obta in  the  small  r e f r a c t i v e  index d i f f e r e n c e  requi red  
by the  d i e l e c t r i c  waveguide, s eve ra l  techniques have been considered.  
One technique which  has been success fu l ly  t e s t e d  i s  hea t  re - t rea tment  
of' g l a s s .  I n  t h i s  approach, two separa te  samples of a high q u a l i t y  
g l a s s  a r e  heated and re-annealed through s l i g h t l y  d i f f e r e n t  tempera- 
t u r e  cyc les  t o  ob ta in  a s l i g h t l y  d i f f e r e n t  index. The f i r s t  t r i a l  
of t h i s  technique r e s u l t e d  i n  g l a s s e s  w i t h  an index d i f f e rence  of 

3 X a s  compared to t he  des i r ed  d i f f e rence  of 1 x It i s  
expected t h a t  the r equ i r ed  d i f f e rence  c a n  be obtained on the  next  
t r i a l .  

Another technique f o r  modifying the  r e f r a c t i v e  index of 
g l a s s  i s  atomic i r r a d i a t i o n .  Two d i f f e r e n t  mechanisms for achieving 
an index change have been considered. F i r s t ,  i r r a d i a t i o n  w i t h  atomic 
p a r t i c l e s  such a s  neutrons and protons produces an index change by 
modifying the  dens i ty  of t he  ma te r i a l .  Prel iminary experiments have . 
been i n i t i a t e d  t o  confirm p red ic t ed  values  of index change. Resu l t s  
obtained f o r  the proton i r r a d i a t i o n  a r e  i n  gene ra l  agreement w i t h  

p red ic t ions .  

u s e f u l  only f o r  changing the  bulk index. Protons,  on t h e  o t h e r  hand, 
can be ad jus t ed  to pene t r a t e  to a depth equal  t o  a t y p i c a l  waveguide 
width, e , g . ,  30 microns. This suggests  a promising technique f o r  
forming a waveguide along the  su r face  of a s l a b  of g l a s s  without any 
a d d i t i o n a l  f a b r i c a t i o n .  

Neutrons pene t r a t e  deeply i n t o  o p t i c a l  m a t e r i a l s  and a r e  

The a l t e r n a t i v e  mechanism f o r  inducing an index change 
wi th  atomic i r r a d i a t i o n  i s  by c o l o r  c e n t e r  product ion .  I n  t h i s  
Process, an ion iz ing  r a d i a t i o n  such a s  gamma rays  or e l e c t r o n s ,  i s  
used t o  induce absorpt ion bands or c o l o r  c e n t e r s  i n  the  ma te r i a l ,  and, 
a s soc ia t ed  w i t h  the  absorp t ion  i s  an index change. The index change 
i s  gene ra l ly  very small  bu t  may be s u f f i c i e n t  for t he  waveguide 
a p p l i c a t i o n .  

Various techniques have been cons idered  f o r  waveguide 
assembly. The mos t  a t t r a c t i v e  technique i s  to bond the  component 
p a r t s  with an o p t i c a l  cement whose r e f r a c t i v e  index i s  h igher  than 
b o t h  t he  core  and c ladding .  A p re l iminary  e v a l u a t i o n  of t h i s  con- 
f i g u r a t i o n  where the cement wass imula t edby  a h igh  index l i q u i d  has 
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been conducted. Resul t s  have confirmed that the  cement has a 
n e g l i g i b l e  e f f e c t  on propagation c h a r a c t e r i s t i c s .  Fur ther  i nves t iga -  
t i o n  of t h e  cementing technique i s  planned. 

A p a r t i c u l a r l y  promising approach i s  t o  cement toge the r  
r e l a t i v e l y  t h i c k  p ieces  of core  and cladding g l a s s  as a u n i t ,  and 
then g r i n d  the  core t o  t h e  requi red  s i z e .  This technique f a c i l i t a t e s  
o p t i c a l  f a b r i c a t i o n  i n  t h a t  i t  e l imina tes  t h e  need f o r  f a b r i c a t i o n  
of t h i n  slabs of g l a s s .  

A d i f f e r e n t  approach t o  waveguide assembly which has been 
considered i s  vacuum depos i t i on  of d i e l e c t r i c s  on a g l a s s  s u b s t r a t e .  
Vacuum-deposited d i e l e c t r i c s  a r e  not  g e n e r a l l y  s u i t e d  for multi-  
wavelength s i z e d  guides,  because f i l m s  cannot be deposi ted t h i c k  
enough and the homogeneity of the deposi ted d i e l e c t r i c  i s  i n s u f f i c i e n t .  
However, i t  i s  planned t o  i n v e s t i g a t e  the use of vacuum-deposition 
techniques f o r  f a b r i c a t i o n  of small waveguides of single-wavelength 
s i z e .  

I n  connection with waveguide components, a waveguide 
d i r e c t i o n a l  coupler  and a waveguide laser have been designed and 
experimental ly  tested.  Two conf igura t ions  of the d i r e c t i o n a l  coupler,  
an evanescent - f ie ld  type and a s lo t - type  were eva lua ted .  Coupling 
w a s  n o t  observed experimental ly  w i t h  the  evanescent f i e l d  type; the 
l a c k  of coupling i s  a t t r ibu ted  t o  a d i f f e rence  i n  phase ve loc i ty  
between the two guides comprising the  coupler .  It should be poss ib l e  
t o  overcome t h i s  problem by using somewhat smaller s i zed  waveguides. 

b i s e c t e d  a l e i e c  i r . i C  a k , Z  ::rzveg~.i~es has been evaluated.  The measured 
coupl ing var ied  i n  a manner s i m i l a r  t o  t h a t  ca lcu la ted ,  but was lower 
by a cons t an t  amount of about 7 db. The discrepancy i s  a t t r i b u t e d  
c h i e f l y  to a d i f f e rence  between the  experimental  arrangement and the 

t h e o r e t i c a l  model of the coupler.  An improved model of t h e  s l o t  
coup le r  u t i l i z i n g  cementing techniaues t o  j o i n  the waveguides i s  
planned. 

An experimental  s lo t - type  d i r e c t i o n a l  coupler  comprising 

A waveguide l a s e r  comprksing a s l a b  of neodymium doped 
l a s e r  g l a s s  wi th  l i q u i d  cladciing iids been cx9eriaenta 1 l y  t e s t e d .  
yne o’~jecti.”ve c the development of a single-mode l a s e r  which i s  

compatible wi th  the waveguide system. I n  i n i t i a l  t e s t s  of t h i s  l a s e r ,  
a narrow beam output  a t  1 .06  microns was observed; however, t h i s  
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has  been a t t r i b u t e d  to f luorescence  t rapping  r a the r  than  l a se r  
o s c i l l a t i o n .  The i n a b i l i t y  t o  achieve l a s e r  a c t i o n  i s  a t t r i b u t e d  t o  

i n s u f f i c i e n t  c a v i t y  Q.  I n  the  i n i t i a l  t e s t s  mir rors  were depos i ted  
Onto the  waveguide core and the  e f f e c t i v e  r e f l e c t i v i t y  was only about 
70%. It i s  planned to use e x t e r n a l  mir rors  covering both the core  
and cladding regions i n  order  to i nc rease  t h e  r e f l e c t . i v i t y  to about 
95%. 
implementation of an  a l l - s o l i d  vers ion  i s  planned. 

Subsequent to success fu l  l a s e r  opera t ion  of t h i s  conf igura t ion ,  

I n  summary, s i g n i f i c a n t  progress  has been achieved i n  the  
development of completely s o l i d  waveguides; i t  i s  recommended t h a t  
t h i s  work be continued wi th  emphasis on h e a t  re - t rea tment ,  cementing, 
and su r face  i r r a d i a t i o n  techniques.  Successfu l  opera t ion  of c e r t a i n  
components has  a l s o  been achieved, and i t  i s  recommended t h a t  t h i s  

work be continued w i t h  i nc reas ing  emphasis on development of p r a c t i c a l ,  
completely s o l i d  vers ions .  
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The design of o p t i c a l  systems, capable of f u l l y  e x p l o i t i n g  

- t he  temporal and spa t ia l  coherence of t h e  l a s e r ,  has r e s u l t e d  i n  an 
i n t e r e s t  i n  waveguide techniques a t  o p t i c a l  f requencies .  During 
an experimental s tudy of var ious  o p t i c a l  waveguide conf igura t ions ,  
t h e  propagation of a d i e l e c t r i c  slab b i sec t ed  by a metal  shee t  was 
i n v e s t i g a t e d .  It was observed t h a t  t he  Transverse E l e c t r i c  (TE) 
modes resembled those found on similar s t r u c t u r e s  a t  microwave 
f requencies ;  however, f o r  t h e  Transverse Magnetic (TM) modes, 
s i g n i f i c a n t  d i f fe rences ,  a r i s i n g  from t h e  complex impedance of meta ls  
a t  o p t i c a l  f requencies ,  were observed. 

The b isec ted  d i e l e c t r i c  waveguide i s  shown schemat ica l ly  
i n  F ig .  A l . l .  I n  t h e  experimental  guide t h e  core width was many wave- 
l eng ths ,  and therefore ,  t h e  propagating rays f o r  low-order modes . 
were v e r y  near ly  p a r a l l e l  t o  t he  b i s e c t i n g  wall  . The experimental  
model of t h e  waveguide, shown i n  Fig.  A 1 . 2 ,  cons i s t ed  of a l i q u i d  
core (chlorobenzene) and a cladding of Sch l i e ren -qua l i ty ,  b o r o s i l i c a t e  
crown glass (BK-7),  7 7  mm long; an o p t i c a l l y  f l a t  f r o n t - s u r f a c e  
mi r ro r  of vacuum-deposited aluminum formed t h e  b i s e c t i n g  p lane .  The 
core wid th  was s e t  a t  50A ( .032 mm) and the waveguide w a s  e x c i t e d  by 
a CW gas l a s e r  ( . 6328  microns) .  
matching t h e  angle o f  incidence on t h e  waveguide ape r tu re  t o  t h e  
angle  a t  which the r ays  f o r  tha t  mode propagate i n  t h e  guide.  The 
propagating modes were observed by p r o j e c t i n g  a magnified image of 
t he  waveguide aper ture  onto a screen.  I n  o r d e r  t o  o b t a i n  d i r e c t  
measurements and continuous p l o t s  of t h e  a p e r t u r e  d i s t r i b u t i o n ,  a 
photomul t ip l ie r  with a small sampling a p e r t u r e  was scanned through 
t h e  image. 

were performed with t h i s  arrangement. Temperature c o n t r o l  enabled u s  
t o  slowly vary t h e  d i f f e rence  i n  r e f r a c t i v e  index  between t h e  core 
and t h e  c ladding as  the  var ious  modes were monitored. I n  t h i s  way, 
a s  t h e  d i f fe rence  i n  index was increased ,  i t  was observed tha t  new 
modes were introduced i n  pairs ;  i . e .  for every  TE mode t h a t  began 
t o  propagate,  a "4 mode of t h e  same mode number began t o  propagate  
a t  t h e  same Operating p o i n t .  Furthermore, o n l y  odd-numbered modes, 
f o r  b o t h  po la r i za t ions ,  were observed. Experimental  resuJ ts  a r e  
presented below f o r  a p a r t i c u l a r  ope ra t ing  p o i n t  where t h e  d i f f e r e n c e  

3 

I n d i v i d u a l  modes were e x c i t e d  by 

Measurements f o r  a v a r i e t y  of d i f f e r e n t  waveguide cond i t ions  
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i n  r e f r a c t i v e  index between core and cladding was about 0,0002. For 
t h i s  d i f f e rence ,  it was expected tha t  modes wi th  mode numbers as 
high as fou r  would propagate.  With t h e  inpu t  r a d i a t i o n  po la r i zed  t o  
e x c i t e  TM modes, t h e  only  modes observed were the  TM-1 and TM-3; 
t h e  measured ape r tu re  d i s t r i b u t i o n s  of t hese  modes a r e  shown i n  
Fig.  3. Simi lar ly ,  when t h e  p o l a r i z a t i o n  of  the  inpu t  l a s e r  beam 
was r o t a t e d  90' t o  e x c i t e  TE modes, on ly  t h e  TE-1 and TE-3 were 
observed; t h e  p a t t e r n s  were i d e n t i c a l ,  except f o r  po la r i za t ion ,  to 
t h e  TM-1 and TM-3 modes. It should be noted that  t h e  even-numbered 
TM modes, including t h e  usually-dominant TM-0 mode, were not 
observed on t h i s  s t r u c t u r e .  

perfect ly-conduct ing b i s e c t o r  where only  one mode, e i t h e r  TM o r  TE, 
e x i s t s  f o r  each mode number. With a p e r f e c t  conductor, on ly  t h e  TM 
modes w i t h  even mode numbers (TM-0, TM-2, TM-4, e t c . ) ,  and t h e  TE 
modes w i t h  odd mode numbers (TE-1, TE-3, TE-5, e t c . ) ,  can propagate.  
From t h e  TM modes experimentally observed, i t  can be i n f e r r e d  t h a t  
t h e  aluminum b i s e c t i n g  w a l l  behaves q u i t e  d i f f e r e n t l y  from a p e r f e c t  
conductor. The e l imina t ion  of the  expected TM modes, p a r t i c u l a r l y  
t h e  dominant TM-0 mode, and t h e  appearance of  completely d i f f e r e n t  
TM modes i n d i c a t e  that  the modes i n  an o p t i c a l  waveguide w i t h  a real  
metal b i s e c t o r  are not  simply lo s sy  vers ions  o f  t he  perfect-conductor  
modes, as i s  g e n e r a l l y  t h e  case a t  microwave f requencies .  

necessary  t o  r ede r ive  t h e  c h a r a c t e r i s t i c ,  o r  "eigenvalue", equat ions 
f o r  t h i s  s t r u c t u r e ,  taking i n t o  account t h e  complex impedance of r e a l  
me ta l s  a t  o p t i c a l  f requencies .  However, f o r  t h e  s p e c i f i c  case 
considered above, the behavior observed can be explained by consider- 
i n g  t h e  free-space r e f l e c t i o n  of t h e  metal and t h e  symmetry ( o r  
antisymmetry) p r o p e r t i e s  o f  t he  modes on a d i e l e c t r i c  slab tha t  i s  
n o t  b i s e c t e d .  

b i s e c t o r  a c t s  as an anti-symmetry plane f o r  TE modes, and t h e  guide 
Fropagates  only  t h e  odd-numbered modes of t he  unbisected s t r u c t u r e ;  
however, f o r  TM modes, t h e  b i sec to r  a c t s  as a symmetry plane,  and the  
guide propagates  only  t h e  even-numbered modes. For a rea l  metal 
b i s e c t o r ,  t h e  ref1ect io .n  phase f o r  perpendicular  p o l a r i z a t i o n  (TE 

T h i s  behavior i s  qu i t e  d i f f e r e n t  from that  occuring w i t h  a 

To o b t a i n  an exact a n a l y s i s  f o r  t h e  r e a l  metal, i t  i s  

For a d i e l e c t r i c  slab b i sec t ed  by a p e r f e c t  conductor, t h e  
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modes) i s  near ly  the  same as f o r  a pe r fec t  conductor. Therefore,  
f o r  TE modes, the metal b i sec to r  still a c t s  as an anti-symmetry plane 
and the  guide propagates the  odd-numbered modes (TE-1, TE-3, e t c . )  a s  
f o r  a p e r f e c t  conductor. However, for t h e  case of p a r a l l e l  po la r i za -  
t i o n  (TM modes) w i t h  a r e a l  conductor, t he  r e f l e c t i o n  phase a t  graz-  
i n g  angles  d i f f e r s  by about 180' from that  of  a p e r f e c t  conductor 
a t  t h e  same angle of incidence.  Therefore, f o r  TM modes, t h e  metal  
b i s e c t o r  a c t s  a s  a n  anti-symmetry plane r a t h e r  than  a symmetry plane,  
and the  guide propagates the  odd-numbered modes (TM-1, TM-3, e t c . )  
of the  unbisected s t r u c t u r e ,  r a t h e r  than  t h e  even-numbered modes as 
f o r  a p e r f e c t  conductor. 

waveguide supports only the  odd-numbered TM and TE modes of  propaga- 
t i o n .  An important consequence of  t h i s  r e s u l t  i s  t h a t  t he  TM-0 mode, 
which is t y p i c a l l y  t h e  dominant mode on such a : , l ; m ~ t u r e ,  cannot be 
supported by a la rge  s i ze ,  b i sec t ed - s l ab  waveguide a t  o p t i c a l  frequen- 
c i e s .  T h i s  behavior i s  due t o  t h e  complex impedance exh ib i t ed  by 
meta ls  a t  o p t i c a l  f requencies  and i l l u s t r a t e s  t h e  f a c t  t ha t  i t  i s  
not v a l i d  i n  waveguide computations to assume tha t  a metal  i s  a 
p e r f e c t  conductor a t  these  f requencies .  

t h e  development o f  waveguide and waveguide components performed unuzr 
NASA con t r ac t s  NASw 888 and NAS 1 2 - 2 .  The work was c a r r i e d  ou t  by 

t h e  au thors  and H. M. Heinemann under t h e  superv is ion  of H .  W .  Redlien.  

It has been shown t h a t  t h i s  p a r t i c u l a r  b i s e c t e d  o p t i c a l  

The work descr ibed above has been p a r t  of  i program for 
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Appendix 11. A Survey of Optical  D i e l e c t r i c  Waveguides. 

The o p t i c a l  waveguide and components discussed i n  the  
body of t h i s  r e p o r t  represent  a novel approach t o  t h e  problem of 
developing p r e c i s i o n  components f o r  l a s e r  systems. However, t h e  
genera l  f i e l d  of o p t i c a l  waveguide has been i n  ex i s t ence  f o r  some 
time. A survey of t he  l i t e r a t u r e  i n  t h i s  f i e l d  has been conducted 
i n  o rde r  to p lace  t h e  cu r ren t  Wheeler Labora tor ies  work i n  proper  
perspec t ive .  
p re sen t  l i t e r a t u r e  as wel l  as a d iscuss ion  of t h e  program a t  
Wheeler Laborator ies .  
bibl iography.  

T h i s  Appendix includes a b r i e f  o u t l i n e  of p a s t  and 

The Appendix concludes w i t h  an annotated 

A .  H i s t o r i c a l  Development and Related Topics. 

Opt ica l  d i e l e c t r i c  waveguides have evolved from two 
s e p a r a t e  f i e l d s  - f i b e r  o p t i c s  and microwave engineer ing.  I n  the  
f i e l d  of f i b e r  o p t i c s  t h e  t rend  toward improved s p a t i a l  r e s o l u t i o n  
of a r r a y s  of conventional, non-modal f i b e r s  r e s u l t e d  i n  t h e  develop- 
ment of smaller  and smaller  f i b e r s , u n t i l  f i n a l l y  t h e  f i b e r  s i z e  was 
of t h e  o rde r  of wavelengths and modal behavior was noted (Refs. 1 9  

and 2 1 ) .  

waveguides f o r  microwave f requencies  was proposed and s tud ied  a t  
an  e a r l y  s t age  (Refs. 5, 6 and 7 ) .  It soon became obvious that  
t h e  m e t a l l i c  waveguide was t h e  most s u i t a b l e  waveguide a t  these  
f r equenc ie s .  However, f o r  various s p e c i a l  appi ica i iur i s  ihe 6i- 
e l e c t r i c  waveguide was considered. Over t h e  years  t h e  t r end  i n  t h e  

microwave indus t ry  has  been toward t h e  higher  f requencies .  A s  t h e  
f requency has  gone up, var ious  forms o f  t h e  d i e l e c t r i c  waveguide 
have been reconsidered and appl ied ( see  f o r  ins tance  Refs. 8 and 10). 
It should be noted tha t  t he  microwave ana logies  have been recognized 
by t h e  o p t i c a l  workers (Refs. 1 2  and 18) .  

a cont inuing s e r i e s  of a r t i c l e s  by N. So Kapany i n  the  Journa l  of t he  

s t a r t i n g  w i t h  a paper on t h e  guiding p r o p e r t i e s  (non-modal) o f  

I n  t h e  f i e l d  of microwave engineering t h e  use of d i e l e c t r i c  

The e a r l y  work on f i b e r  o p t i c s  i s  thoroughly discussed i n  

l l l L 0  13LLLL13 L l l b I U U L O  =. T r r J n i a + T r  v u r ~ ~ w y  VI nf n-n*no pupbru  
O p t i c a l  Soc ie ty  of Ar,erica. rnh< - n n - 4  nn  i v r n l , , r J a n  
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cy l inde r s  (Ref. ll), and includes such t o p i c s  as o p t i c a l  leakage 
between non-modal f i b e r s  (Ref. 1 4 )  and t h e  a n a l y s i s  of modes on 
small  d i e l e c t r i c  f i b e r s  (Ref. 2 1 ) .  There a r e  a number of  genera l  
a r t i c l e s  on conventional non-modal f ibCrs .  I n  p a r t i c u l a r ,  t h e  
Appendix, "Fiber Optics" by N. S. Kapany i n  the  " P r i n c i p l e s  of 
Optics" ( R e f .  13)  as wel l  as the  "Fiber  Optics  Handbook" publ ished 
by  Mosaic Fabr ica t ions ,  Inc ., ( R e f .  2 2 )  should be mentioned. 

waveguides, p e r t i n e n t  t o  present  o p t i c a l  app l i ca t ions ,  inc ludes  
c l a s s i c a l  r e fe rences  (Refs. 6 and 7 )  as wel l  as more r ecen t  work on 
d i e l e c t r i c - r o d  antennas (Ref. 24) and waveguides (Ref. 10) .  I n  
p a r t i c u l a r  the  r epor t  on d i e l e c t r i c  rods  and tubes  by Beam,et 8-1. 

(Ref. a ) ,  t h e  papers by D. D. King on d i e l e c t r i c  image l i n e s  (Ref. lo) 
and t h e  a r t i c l e s  by  J. W. E. Griemsman on H-guides (Ref. 31) should 
be of i n t e r e s t .  

The pas t  and cu r ren t  microwave l i t e r a t u r e  on d i e l e c t r i c  

Another body of l i t e r a t u r e  t h a t  i s  app l i cab le  t o  t h i s  s tudy 
i s  t h e  work on beam waveguides a t  mi l l ime te r  and o p t i c a l  f requencies  
(Refs. 20  and 3 4 ) .  I n  genera1 , th i s  form of o p t i c a l  waveguide, 
u s u a l l y  a s e r i e s  o f  lenses ,  i s  n o t  a d i e l e c t r i c  waveguide of t h e  
same type as t h e  o t h e r s  discussed he re in .  The o b j e c t i v e  f o r  such 
waveguides i s  u s u a l l y  low-loss long-dis tance t ransmiss ion .  I n  one 
p a r t i c u l a r  case,  when the  d i s c r e t e  g l a s s  l e n s e s  a r e  rep laced  by 
a continuous gas l e n s  as proposed i n  work a t  the  B e l l  Telephone 
Labora tor ies  ( R e f .  3 7 ) ,  t h e  beam waveguide does become recognizable  
as a d i e l e c t r i c  waveguide. 

B. Current Libera ture .  

The cur ren t  l i t e r a t u r e  on o p t i c a l  d i e l e c t r i c  waveguides 
f a l l s  i n t o  Several  ca tagor ies :  s t u d i e s  og waveguide modes, a n a l y s i s  
of coupling between f i b e r s ,  design of waveguide-type devices  
( f i b e r  l a s e r s ,  o p t i c a l  switches,  e t c . ) ,  phys io log ica l  o p t i c s ,  and 
t h e  a n a l y s i s  of s e l f - t r app ing  of l i g h t  i n  non- l inear  m a t e r i a l s .  
The f i r s t  category l i s t e d  above, s t u d i e s  of waveguide modes, i s  
t h e  common basis of a l l  t h e  o t h e r s .  The t h e o r e t i c a l  and experimental  
a n a l y s i s  of modes on c y l i n d r i c a l  f i b e r s  r e p o r t e d  i n  va r ious  papers  
by N. S. Kapany (Refs. 2 5  and 2 9 )  and  E .  S n i t z e r  (Ref. 2 3 )  cover 

. 
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t h i s  t o p i c  q u i t e  thoroughly. The a n a l y t i c a l  work by M a r c a t i l i  on 
var ious  tubu la r  d i e l e c t r i c  waveguides, inc luding  m e t a l l i c  o p t i c a l  
waveguides, i s  a l s o  of i n t e r e s t  ( R e f s .  36 and 45) .  I n  addi t ion ,  
t h e r e  are a r t i c l e s  on the  modes supported by p l ana r  o p t i c a l  
d i e l e c t r i c  waveguides. ( R e f s .  28 and 35). 

f o r  two reasons,  
f i b e r s ,  t h e  coupling causes degradation of performance and must be 
avoided, On t h e  o t h e r  hand, t he re  i s  a cur ren t  i n t e r e s t  i n  
u t i l i z i n g  con t ro l l ed  coupling i n  var ious waveguide devices  (see 
next  paragraph). 
where i t  would appear u s e f u l  t o  u t i l i z e  t h e  voluminous microwave 

coupling inc ludes  a t h e o r e t i c a l  paper by A .  L. Jones ( R e f .  39)  as 

(Ref. 33) and E. S n i t z e r  ( R e f .  23) .  
The r ecen t  i n t e r e s t  i n  waveguide-type devices  i s  

motivated i n  part  by t h e  cur ren t  work on o p t i c a l  computers (Refs. 
32  and 41) .  
a t  o p t i c a l  f requencies  i t  i s  necessary t o  develop appropr ia te  
o p t i c a l  sources  and l o g i c  elements. The o p t i c a l  source can take  
t h e  form of a diode laser, i n  which the  r a d i a t i o n  i s  confined i n  
t h e  v i c i n i t y  of a p-n junc t ion  by a dielectr ic-waveguide mechanism 
( R e f .  2 7 ) .  
a device  proposed i n  t h e  e a r l y  s tages  of l a s e r  development by 

E. S n i t z e r  (Ref. 1 6 ) .  The f ibe r  l a s e r  i n  one form c o n s i s t s  of an 
Nd-doped glass f i b e r ,  o f t e n  non-modal, w i t h  m i r ro r s  on both ends. 
When a small f i b e r  i s  used, a degree of l aser  mode s e l e c t i v i t y  i s  
ob ta ined  by v i r t u e  of t h e  waveguide mode c h a r a c t e r i s t i c s  of t h e  
f i b e r .  
r a t h e r  t han  t h e  conventional c i r c u l a r  f i b e r s  has also been repor ted  
(Ref. 30). 
i nc lud ing  o p t i c a l  switches comprising coupled f i b e r s  i n  which 
e l e c t r o - o p t i c a l  manipulation of  coupling c h a r a c t e r i s t i c s  can d i r e c t  
t h e  l i g h t  t o  e i t h e r  of two output p o r t s  (Refs .  33 and 44). An 
a l t e r n a t e  tyye of i o g l c  eieiiieiit coi is is ts  oi' a riber containing a 
s a t u r a b l e  absorber  i n  i t s  glass cladding.  

Y 

I 

The sub jec t  of  coupling between o p t i c a l  f i b e r s  i s  important 
I n  the  case of var ious  assemblies of many small 

The subjec t  of coupling i s  one a r e a  i n  p a r t i c u l a r  

. l i t e r a t u r e  on t h e  sub jec t  (Ref. 9 ) .  Current o p t i c a l  work on 

* .  w e l l  as experimental  and a n a l y t i c a l  work by N. S. Kapany,et a l ,  

I n  o rde r  t o  develop d i g i t a l - t y p e  computers working 

Al t e rna te ly ,  t h e  o p t i c a l  source might be a f i b e r  l a s e r ,  

A similar conf igura t ion  u t i l i z i n g  a r ec t angu la r  geometry 

The proposed l o g i c  elements take  a v a r i e t y  of  forms, 

By c o n t r o l l i n g  t h e  
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absorp t ion  c o e f f i c i e n t  of t he  cladding w i t h  an e x t e r n a l  l i g h t  source, 
such a l a s e r  can be turned on and o f f  (Ref. 43) .  

A recent  paper by D.  B. Anderson (Ref. 4 2 )  proposes t h e  
J 

f a b r i c a t i o n  o f  a v a r i e t y  of  o p t i c a l  waveguide-type components 
inc luding  waveguides, bends, Tee ' s ,  hybrids,  parametr ic  a m p l i f i e r s  
and modulators. The proposed waveguide medium f o r  most of  these  
components c o n s i s t s  of a 1 micron l a y e r  of  vacuum-deposited s i l i c o n  
d ioxide .  To date  no experimental work on t h i s  waveguide i s  r epor t ed  
i n  the  l i t e r a t u r e .  

There a r e  a t  l e a s t  two cases  where the  unique advantages 
of  waveguide techniques a r e  proposed t o  overcome the  inherent  
l i m i t a t i o n s  of  conventional o p t i c a l  devices .  The f i r s t  o f  these  i s  
the  suggestion by Newstein and Solimene o f  TRG ( R e f .  2 6 )  t ha t  a 
single-mode waveguide medium o f f e r s  some advantages f o r  o p t i c a l  
modulator cons t ruc t ion .  The o t h e r  example i s  t h e  wide-angle 
i n t e r f e r e n c e  f i l t e r  being developed b y  Wheeler Labora tor ies  
(Ref. 4 ) .  I n  one form t h i s  f i l t e r  employs an  a r r a y  of small ( 3 ~ )  

single-mode d i e l e c t r i c  f i b e r s  i n  p l ace  of  t h e  customary spacer  l a y e r  
found i n  a conventional Fabry-Perot conf igura t ion .  T h i s  r e s u l t s  i n  
a f i l t e r  w i t h  a f i e l d  o f  v i e w  considerably l a r g e r  than  that  of 
conventional i n t e r f e rence  f i l t e r s .  

Most of t h e  papers discussed above are  d i r e c t e d  towards 
developing, improving, o r  understanding o p t i c a l  components. There 
i s  a l s o  some l i t e r a t u r e  i n  which o p t i c a l  waveguide theo ry  i s  c a l l e d  
upon i n  an attempt t o  expla in  var ious  observed phenomena. I n  t h i s  
category a r e  t h e  papers  on phys io logica l  o p t i c s  which t r y  t o  r e l a t e  
t he  c h a r a c t e r i s t i c s  of  co lo r  v i s ion  t o  t h e  waveguide c h a r a c t e r i s t i c s  
of r e t i n a l  rods  and cones (Refs.  1 7  and 40) .  A similar example i s  
t h e  work on t h e  se l f - t r app ing  of l i g h t  i n  non-l inear  materials 
(Ref. 38) .  T h i s  work o r i g i n a t e d  from a t tempts  t o  exp la in  t h e  
unusual, t h i n  cracks formed i n  g l a s s  t ha t  was exposed t o  high energy 
b u r s t s  from &-spoiled l a s e r s .  It has been p o s t u l a t e d  t h a t  t h e  
cracks occur because the e l e c t r i c  f i e l d  of t h e  high i n t e n s i t y  l i g h t  
modifies the  r e f r a c t i v e  index of t he  glass  (by  means of some 
e l ec t ro -op t i c  mechanism). The s i t u a t i o n  i s  Such t h a t  a small 
d i e l e c t r i c  waveguide i s  formed i n  t h e  m a t e r i a l ,  t h e  l i g h t  I S  

concentrated within t h i s  waveguide, and then  t h e  f i e l d  i n t e n s i t y  

I 

I 
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becomes s u f f i c i e n t l y  l a r g e  t o  cause e l e c t r i c a l  breakdown of t h e  
glass. Now t h a t  t h e  se l f - t rapping  mechanism has been discovered 
i t  i s  l i k e l y  that  a p p l i c a t i o n s  f o r  it w i l l  be found. 

C .  Discussion and Conclusions. 

The cu r ren t  l i t e r a t u r e  i n d i c a t e s  t h r e e  d i s t i n c t  a r e a s  of  
o p t i c a l  waveguide i n t e r e s t :  long d i s t a n c e  o p t i c a l  t ransmission,  
i nd iv idua l  components f o r  s p e c i f i c  app l i ca t ions ,  and genera l  
s c i e n t i f i c  i n t e r e s t .  The Wheeler Labora tor ies  o p t i c a l  waveguide 
program sponsoted by NASA (Refs .  1, 2 and 3) d i f f e r s  i n  two r e s p e c t s  
from t h e  work i n  t h e  genera l  l i t e r a t u r e .  I n  t he  f i r s t  p l a c e , i t  
i s  t h e  only  program involving both a n a l y t i c a l  and experimental  work 
which i s  aimed a t  developing an e n t i r e  s e r i e s  o f  compatible, 
microwave-analogous, o p t i c a l  components s p e c i f i c a l l y  adapted t o  
l a s e r  communication and t racking a p p l i c a t i o n s .  Secondly, t he  program 
i s  unusual i n  that t h e  work has concentrated upon a r a t h e r  unique 
type of  waveguide - l a rge-s ize ,  single-mode d i e l e c t r i c  waveguide. 
T h i s  l a t t e r  po in t  i s  emphasized because t h e  use of a single-mode 
medium i s  be l ieved  t o  be t h e  only p r a c t i c a l  way t o  design a s e r i e s  
of  compatible, p r e c i s i o n  components, i . e . ,  components which can be 

mated end-to-end i n  a simple manner. An example of such a system 
i s  a waveguide l a s e r  coupled t o  a waveguide modulator, followed by 

va r ious  d i r e c t i o n a l  couplers, f i l t e r s ,  c i r c u l a t o r s ,  de t ec to r s ,  e t c .  
The l a r g e  s i z e  i s  des i r ed  t o  f a c i l i t a t e  cons t ruc t ion  of such 
components and systems. 

a unique approach t o  o p t i c a l  waveguide and component design, i t  has 
bene f i t ed  from t h e  l i t e r a t u r e .  The microwave l i t e r a t u r e  has “ u e e r ;  

i nva luab le  f o r  component design information, as can be seen from 
t h e  d i r e c t i o n a l  coupler  ana lys i s  (see Sec t ion  I11 of  t h i s  r e p o r t ) ,  
while t h e  work by Kapany and by S n i t z e r  on waveguide modes and 
coupling between waveguides has been p a r t i c u l a r l y  h e l p f u l .  

While the  p re sen t  Wheeler Labora tor ies  work represen-cs 
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D. Annotated Bibliography. 

A 

The following re ferences ,  l i s t e d  i n  chronological  order ,  
a r e  intended as a survey of t h e  l i t e r a t u r e  i n  t h i s  f i e l d .  They 
do not  c o n s t i t u t e  an a l l - i n c l u s i v e  l i s t , n o r  a r e  the  p a r t i c u l a r  
re ferences  c i t e d  n e c e s s a r i l y  t h e  e a r l i e s t  o r  most comprehensive 
a r t i c l e s  on the  p a r t i c u l a r  t o p i c .  Rather they  a r e  a c o l l e c t i o n  of 
t h e  p e r t i n e n t  re ferences  which a r e  most o f t e n  r e f e r r e d  t o  by t h e  
a u t h o r s  of t h i s  r e p o r t .  

The nota t ions  fol lowing t h e  r e fe rences  a r e  intended t o  
i n d i c a t e  t h e  contents  which a r e  of i n t e r e s t  f o r  our  p re sen t  purpose - 
o p t i c a l  waveguide and component design; i n  seve ra l  i n s t ances  t h e  
papers conta in  a d d i t i o n a l  m a t e r i a l  i n  r e l a t e d  f i e l d s  which i s  not 
c i t e d  he re in .  

Wheeler Laborator ies  Publ ica t ions .  

I1  (1) R .  A .  Kaplan, Opt ica l  Waveguide of Macroscopic Dimension i n  
Single-mode Operation", Proceedings of IEEE, v o l .  51, p. 1144-1145; 

1963 AUG. 
waveguide conf igura t ion .  ) 

(First published r e p o r t  of  experimental  work on WL 

( 2 )  D .  W.  Wilmot, "Macroscopic Single-Mode Waveguide f o r  t h e  
Construct ion of Optical  Components", p resented  a t  t h e  I n t e r n a t t a n a l  
Symposium of t h e  Profess iona l  Technical Group on Microwave Theory 
and Techniques of t h e  IEEE, New York, N.Y. ; 1964 MAY. (Discussion 
of waveguide components i n  d i e l e c t r i c  slab conf igu ra t ion  inc ludes  
experimental  da ta  on t h e  waveguide. ) 

(3)  E.  R .  Schine l le r ,  D. W.  Wilmot, "Single-Mode Macroscopic Op t i ca l  
Waveguide", presented as paper WG15 a t  t h e  F a l l  Meeting of t h e  

Opt. SOC. of Amer.; 1965 OOT. (Experimental s tudy  of waveguide 
opera t  ion .  ) 
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I 

(4) 
Filter", presented as paper ThD15 at the Fiftieth Anniversary 
Meeting of the Optical Society of Amer.; 1966 MAR. (Discusses 
fabrication of narrow-band optical filters within a fiber waveguide 
medium. The resultant filter has a larger usable field-of-view 

D. W. Wilmot, E. R. Schineller, "A Wide-Angle Narrow-Band Optical 

t 

I than conventional configurations.) 

I General Literature. 

(5) Hondroa, Debye, "Elektromagnetische Wellen an Bielektrischen 

published paper on transmission along dielectric wires. ) 
I Drshten", Ann. der Phys., vol. 32, p. 465-476; 1910. (The first 

(6) J. R. Carson, S. P. Mead, S. A.  Schelkunoff, "Hyper-Frequency 

1936 APR. (An early classical paper on waveguide theory. It 
includes mathematical expressions for the fields as well as the 
cut-off frequency of dielectric rod waveguides. ) 

1 -  Waveguides - Mathematical Theory", B,S.T. J., vol. 15, p. 310-333; 

(7) C. H. Chandler, "An Investigation of Dielectric Rod as Wave- 
guide", Jour. Appl. Phys. vol. 20, p. 1188-1192; 1949 DEC. (A 
classic, early paper on dielectric waveguides at microwave 
frequencies, including resonators and waveguide bands. ) 

(8) R. E. Beam, et al., "Investigations of Multi-Mode Propagation 
in waveg;uizeS z;G X.Mljcr~?~.:~?pp nF7tics , Microwave Laboratory, 
Northwestern University, Final Report t o  the Army Signal Corps.; 
1950 NOV 30, DDC No. ATI-94929. (Contains a detailed theoretical 
analysis of dielectric tube and rod waveguides,including detailed 
plots of field intensity, phase velocity, etc.) 

(9) S. E. Miller, "Coupled Wave Theory and Waveguide Applications", 
B.S.T.J., vol. 33, p .  661; 1954 MAY. (A general analysis of 
directional couplers. j 

?I - -. 
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(10) D. D. K i n g ,  "P rope r t i e s  of D i e l e c t r i c  Image Lines", IRE Trans. 
on Microwave Theory and Techniques, vo l .  MTT-3, p .  75;  1955 MAR. 
(Discussion and experimental  d a t a  on a b i sec t ed ,  d i e l e c t r i c - r o d  
conf igura t ion  a t  microwave f requencies .  Data on bends and twists 
i s  included. ) 

(11) N .  S .  Kapany, "Fiber Optics .  P a r t  1. Opt ica l  P r o p e r t i e s  of 
Cer ta in  D i e l e c t r i c  Cylinders", Jour .  Opt. SOC. Am., vo l .  47, 
p .  413-422; 1957 MAY. (Reports t h e  r e s u l t s  of i n v e s t i g a t i o n s  of 
var ious f a c t o r s  a f f e c t i n g  t h e  l i g h t  t ransmission of non-moda2 Elbers .  
Inc ludes  (1) measurements of r e f r a c t i v e  index and index homogeneity 
of glass, quartz ,  and p l a s t i c  f i b e r s ,  ( 2 )  measured r a d i a t i o n  p a t t e r n s  
of bent non-modal f i b e r s ,  and (3)  a geometr ical  a n a l y s i s  of  
propagation i n  non-modal f i b e r s .  ) 

( 1 2 )  
Optics",  Jour .  Opt. SOC. Am. ,  vo l .  41, p .  870 ;  NOV 1958. (A t a l k  
a b s t r a c t  suggesting microwave s imula t ion  of o p t i c a l  waveguide 
propagat ion .  ) 

N. S .  Kapany, W .  A .  Oberheim, "Microwave Analogs of F i b e r  

(13) N. S.  Kapany, "Fiber  Optics", Appendix N i n  "Concepts of 
C l a s s i c a l  Optics", by J. Strong,  Freeman & Co., San Francisco;  1958. 
(A d e t a i l e d  summary and a n a l y s i s  of  conventional,  non-modal f i b e r  
o p t i c s  w i t h  emphasis on a p p l i c a t i o n s . )  

(14) N .  S. Kapany, "Fiber-Optics.  V. L i g h t  Leakage due t o  
F rus t r a t ed  T d t a l  Reflect ion",  Jour .  Opt. SOC. Am.,  vo l .  49, 
p .  770-778; 1959 AUG. (An approximate a n a l y s i s  of  coupl ing between 
non-modal f i b e r s .  ) 

(15) A .  F.  Harvey, "Periodic and Guiding S t r u c t u r e s  a t  Microwave 
Frequencies", IRE Trans .  on Microwave Theory and Techniques, 
vo l .  MTT-8, p. 30-61;  1960 J A N .  (Contains a b r i e f  a n a l y s i s  of 
propagation on d i e l e c t r i c  slabs and rods  as wel l  as  a very  
extensive bibl iography covering t h e  microwave l i t e r a t u r e  on t h i s  
subjec t  . ) 
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(16)  E. S n i t z e r ,  "Proposed F ibe r  C a v i t i e s  f o r  Opt ica l  Masers", 
Jour. Appl. Phys., v o l .  32, p .  36-39; 1961 J A N .  (Discusses 
p o s s i b i l i t y  of l a s e r  a c t i o n  i n  t he  f i rs t  few modes of a multimode 
o p t i c a l  d i e l e c t r i c  waveguide.) 

( 1 7 )  E. S n i t z e r ,  M. Polanyi, "Possible  Waveguide Mode Ef fec t s  i n  
Re t ina l  Receptors", Jour. O p t .  SOC. Am., vol .  51, p. 476; 1 9 6 1  APR. 
(A t a lk  a b s t r a c t  which d i scusses  r e l a t i o n  between waveguide modes 
and co lo r  v i s ion .  ) 

(18) E. S n i t z e r ,  F. Hoffman, "Glass F i b e r s  Acting as Receiving 
D i e l e c t r i c  Antennas i n  t h e  Vi s ib l e  Spectrum", Jour .  Opt. SOC. Am., 
vol .  51, p. 1463; 1961 APR. (Talk a b s t r a c t  concerned with measured 
r ecep t ion  p a t t e r n  of modal fibers, d i scusses  angle  and wavelength 
s e n s i t i v i t y  of e x c i t a t i o n  f o r  var ious modes.) 

(19)  E. S n i t z e r ,  H. Osterberg, tlObserved D i e l e c t r i c  Waveguide Modes 
i n  t h e  V i s i b l e  Spectrum", Jour. Opt. SOC. Am., v o l .  51, p .  499-505; 
1 9 6 1  MAY. 
i nc lud ing  theory  and a n a l y s i s  of the r e s u l t s  as well  as many 
photographs. ) 

(An experimental  study of o p t i c a l  waveguide modes, 

( 2 0 )  G .  Goubau, F. Schwering, "On the Guided Propagation of  
Electromagnetic Wave Beams", IRE Trans. on Antennas and Propagation, 
vo l .  AP-9, p .  248-256; 1961 MAY. (The i n i t i a l  proposal and a n a l y s i s  
of bea111 ~ z v c g i L ~ e z .  S z e c i f i c  c a l c u l a t i o n s  apply to microwave 
f r equenc ie s  but  t heo ry  i s  general .  Beam modes and d i f f r a c t i o n  
l o s s e s  a r e  discussed.  ) 

( 2 1 )  N. S. Kapany, J. J. Burke, "Fiber  Optics .  I X .  Waveguide 
Ef fec t s " ,  Jour. Opt. SOC. Am., vo l .  51, p. 1067-1078; 1961 OCT. 
(A t h e o r e t i c a l  a n a l y s i s  o f  c y l i n d r i c a l  d i e l e c t r i c  waveguide modes, 
i nc lud ing  some t h e o r e t i c a l  and experimental  work on coupling 
between modal f i b e r s . )  
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( 2 2 )  J .  W .  Hicks, P.  K i r i t s y ,  "Fiber  Optics  Handbook 1961", 2 ed. 
Mosaic Fabr ica t ions ,  Inc. ,  205 Chapin S t r e e t ,  Southbridge, Mass.; J 

1961.  (A br i e f  genera l  summary of terminology, techniques and 
a p p l i c a t i o n s  of conventional,  non-modal f i b e r  o p t i c s .  ) 

(23)  E .  Sn i t ze r ,  "Optical  D i e l e c t r i c  Waveguides'', i n  Advances i n  
Quantum Elec t ronics ,  J. Singer,  ed., Columbia Un ive r s i ty  Press ,  
p .  348-369; 1961 .  (Theore t ica l  a n a l y s i s  of c y l i n d r i c a l  waveguide 
modes including f i e l d  p l o t s ,  experimental  r e s u l t s ,  a d i scuss ion  
of f i b e r  coupling and a proposal  f o r  t h e  use of f i b e r  coupling as 
a mode-selective mechanism i n  f i b e r  l a s e r s .  ) 

(24)  F. J .  Zucker, "Surface and Leaky-Wave Antennas", i n  Antenna 4 

Engineering Handbook, J a s ik ,  ed. ,  McGraw-Hill; 1961.  (Analysis 
and design d a t a  f o r  d i e l e c t r i c - r o d  antennas a t  microwave f requencies .  
Inc ludes  a bibl iography and d a t a  on irther t ypes  of surface-wave 
antennas.  ) 

( 2 5 )  N. S. Kapany, J. J. Burke, " D i e l e c t r i c  Waveguides a t  Op t i ca l  
Frequencies", So l id  S t a t e  Design, p.  35-42; 1962 J A N .  ( A  gene ra l  
d i scuss ion  of  o p t i c a l  waveguide modes inc luding  mode c h a r t  and 
photos.  ) 

( 2 6 )  M. Newstein, N .  Solimene, "Analysis of Laser Modulation 
Techniques", Technical Research Group (TRG) Report No. ASD-TDR-62-9, 
DDC No. AD-283 462;  1962 JUN. (Contains d i scuss ion  o f  modulator 
technique u t i l i z i n g  o p t i c a l  waveguide. ) 

( 2 7 )  A .  Yariv, R .  . C .  C .  Le i t e ,  "Dielectric-Waveguide Mode of Light  
Propagation i n  p-Zqunct ions" ,  Applied Phys. L e t t e r s ,  vo l .  2, 
p .  55-57; 1 9 6 3  F&3 1: 
p-n junc t ion .  ) 

(Analysis of  t h e  modal c h a r a c t e r i s t i c s  of a 
..I 

( 2 8 )  J. G. Hirschberg, "Cladded Laminar Opt ics  f o r  t h e  U l t r a v i o l e t " ,  
Jour .  Opt. SOC. Am., v o l .  53, p .  507; 1963  APR. (Talk a b s t r a c t  
d i scuss ing  guiding by non-modal d i e l e c t r i c - s l a b  conf igu ra t ion  
comprising a magnesium f l u o r i d e  cladding on a s l a b  o f  fused  s i l i c a . )  
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( 2 9 )  N. S, Kapany, J. J, Burke, C.  C .  Shaw, "Fiber  Optics.  X. 
Evanescent Boundary Wave Propagation", Jour .  Opt. SOC. Am., vo l .  53, 
pp. 929-935; 1963 AUG. (A t h e o r e t i c a l  and experimental  s tudy of 
modal propagat ion i n  c y l i n d r i c a l  f i b e r s  w i t h  a n  absorbing core; 
con ta ins  p l o t s  of p e r  cent  power i n  core and e f f e c t i v e  a t t e n u a t i o n  
c o e f f i c i e n t  versus  waveguide parameters. ) 

(30) 
"Rectangular Opt ica l  D i e l e c t r i c  Waveguides as Lasers", i n  "Lasers and 
Applications",  W.S.C. Chang, ed., Ohio S t a t e  Un ive r s i ty  Press, 
p .  147-147; 1963. (Discussion o f  f a b r i c a t i o n  of r ec t angu la r  
d i e l e c t r i c  waveguides from s o l i d  l a s e r  m a t e r i a l s  such as ruby 
and CaW04. Lasing i n  high-order  modes i s  r epor t ed . )  

V. R.  Bird, D. T. Carpenter, P. S. McDermott, R. L. Powell, 

(31) 
DDC No. 0 - 4 1 3  774; 1963. ( I n v e s t i g a t e s  mi l l ime te r  wave a p p l i c a t i o n  
of H-guides. Contains theory,  experiment and design data on 
d i r e c t i o n a l  couplers,  bends, wave launchers,  e t c .  ) 

J . W .  E. Griemsmann, "Design of M i l l i m e t e r  Waveguide Components", 

( 3 2 )  
Spa r t an  Books, Inc. ,  Baltimore; 1963. (Proceedings of first 
conference on o p t i c a l  information processing. Contains some d i s -  
cuss ions  concerning a p p l i c a b i l i t y  of waveguide techniques t o  t h i s  
f i e l d .  ) 

D. K. Pollack, e t  aL,ed., "Optical  Processing of Information", 

(33) E .  S c L t z c ~ ,  "SCIT\.~ Pmnert ies  A- of F i b e r  Opt ics  and Lasers 
( P a r t  A)", i n  "Optical  Processing of Information, Fbllock, e t  a l . ,  ed., 
Spa r t an  Books, Inc. ,  Baltimore, p. 61-62; 1963. (Survey o f  
dielectr ic-waveguide p rope r t i e s  w i t h  emphasis on t h e i r  a p p l i c a t i o n  
as o p t i c a l  computer components. Switching of l i g h t  from one wave- 
guide t o  an ad jacent  one by dynamically con t ro l l ed  f i b e r  coupling 
i s  proposed. F i b e r  l a s e r s  a r e  a l s o  d i scussed . )  

(34)  G. Goubau, J. Ii. Zhi.istiar;, "SSXP *specisof  Beam Waveguides 
f o r  Long Distance Transmission at  Opt ica l  Frequencies", IEEE Trans.  on 
Microwave Theory and Techniques, vo l .  MTT-12, p .  212-220; 1964 lvfiR. 
(Discussion and experimental  extension of beam waveguidej concepts t o  
o p t i c a l  f requencies .  Attenuation of l e s s  t han  1 d b / h  i s  p red ic t ed . )  
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(35) J. Kane, H. Osterberg, "Optical  C h a r a c t e r i s t i c s  of Planar  
Guided Modes", Jour. Opt. SOC. Am., vo l .  54, p .  347-352; 1964 MAR. 
(Derivation, s t a r t i n g  w i t h  Maxwell f s equat ions,  o f  t h e  propagat ion 
c h a r a c t e r i s t i c s  of o p t i c a l  d i e l e c t r i c - q l a b  waveguides. Inc ludes  t h e  
e f f e c t  of core l o s s e s  and a l s o  d i scusses  t h e  case where t h e  cladding 
index of r e f r a c t i o n  d i f f e r s  on each s i d e  of  t h e  core . )  

2 

( 3 6 )  E. A .  J. Marca t i l i ,  R .  A .  Schmeltzer, "Hollow Meta l l i c  and 
D i e l e c t r i c  Waveguides f o r  Long Distance Op t i ca l  Transmission and 
Lasers",  B.S.T.J., vol. 43, p.  1787-1809; 1964 JUL. (The f i e l d  
conf igura t ions  and propagation cons t an t s  a r e  determined f o r  hollow 
c i r c u l a r  waveguides made of d i e l e c t r i c  material o r  meta l .  
and l o s s  due t o  bending i s  considered, but no experimental  r e s u l t s  
a r e  repor ted .  It is  concluded that hollow d i e l e c t r i c  guide i s  
s u i t a b l e  as a l a s e r  medium and tha t  t h e  TE mode i n  hollow m e t a l l i c  
guide i s  s u i t a b l e  f o r  long d i s t ance  t ransmiss ion  s ince  i t s  computed 
a t t e n u a t i o n  i s  only 1 .8  db/km.) 

At tenuat ion  

01 

( 3 7 )  D. W .  Berreman, "A Lens o r  Light  Guide Using Convectively 
Di s to r t ed  Thermal Gradiants  i n  Gases", B.S.T.J., vol. 43, p .  1469; 
1964 JUL. (Discussion and experimental  work on a d i e l e c t r i c  guide 
u t i l i z i n g  r e f r a c t i v e  index g r a d i e n t s  caused by temperature g r a d i e n t s  
i n  a gas.)  

(38) R .  Y. Chiao, E. Garmire, C .  H. Townes, "Self-Trapping of 
Opt ica l  Beams", Physical  Review L e t t e r s ,  vo l .  13, p. 479-482; 
1964 OCT. (Discusses t h e  c r e a t i o n ,  by the  l i g h t  i t s e l f ,  of d i e l e c t r i c  
waveguides i n  m a t e r i a l s  wi th  non-l inear  r e f r a c t i v e  index.  It i s  
shown that a c r i t i c a l  power f o r  t r app ing  e x i s t s ,  and above t h i s  
power t h e  l i g h t  w i l l  be t rapped r e g a r d l e s s  of i t s  power d e n s i t y . )  

(39 )  
F ibers" ,  Jour .  Opt. SOC. of Am.,  vo l .  55, p .  261-271; 1965  MAR. 
( A  t h e o r e t i c a l  analysis of  o p t i c a l  coupl ing between d i e l e c t r i c  
f i b e r s . )  

A .  L.  Jones, "Coupling of Op t i ca l  F i b e r s  and S c a t t e r i n g  i n  
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(40) G .  Biernson, A .  
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W. Snyder, "Electromagnetic E f f e c t s  i n  $he 
Cones of  t h e  Human Retina",  E lec t ron ic s  Letters, ~ o l .  1, p .  89-90; 

1965 JUN. 
i n  t h e  r e t i n a l  cones t o  t h e  c h a r a c t e r i s t i c s  of  c o l o r  v i s i o n . )  

(Attempt t o  r e l a t e  e x c i t a t i o n  e f f i c i e n c y  of  var ious  modes 

(41)  
Information Processing", M.I.T. Press, Cambridge, Mass.; 1965.  

(Proceedings o f  second conference on o p t i c a l  information processing.  
Contains papers  on waveguide e f f e c t s .  ) 

J. T. T ippe t t ,  e t  al.,ed., "Optical  and Electro-Optical  

(42 )  
Coherent Opt ica l  Transducers and S p a t i a l  F i l t e r s " ,  i n  "Optical  
and Elec t ro-Opt ica l  Information P.rocessing", Tippet t ,  e t  
MIT Press, p. 221-234; 1965. (Proposes t h e  cons t ruc t ion  of micro- 
s c o p k o p t i c a l  waveguide and waveguide components such as t ransformers ,  
bends, and hybr ids  u s ing  a 1 p s i l i c o n  dioxide f i l m  on a h ighly-  
cloped s i l i c o n  s u b s t r a t e .  Optical  parametr ic  ampl i f ie rs  a r e  a l s o  
discussed.  
a r e  r epor t ed .  ) 

D. B. Anderson, "Application of  Semiconductor Technology t o  

a l .  ,ed., 

No experimental  r e s u l t s  on t h e  waveguide components 

(43) 
Useful  i n  Optical Logic Functions", i n  "Optical  and Elec t ro-  
Op t i ca l  Information Processing", T i p p e t t p t  
p. 253-267; 1965. 

t o  o p t i c a l  computing. 
?:')-\e? IZSPFR nnd - -  DroDoses t h e  use of a s a t u r a b l e  absorber  i n  the 
f i b e r  cladding, i n  conjunct ion w i t h  an a u x i l i a r y  l i g h t  source, as 
a means of switching t h e  laser on and o f f  f o r  b ina ry  l o g i c . )  

C .  J. Koester, C .  H.  Swope, "Some Laser E f f e c t s  Poben t i a l ly  

a L , e d . ,  MIT Press ,  
(Discusses app l i ca t ion  o f  f i b e r  waveguide l a s e r  

Includes experiments on coupling between two 

(44) N. S. Kapany, G .  M .  Burgwald, J. J. Burke, "Light  Amplif icat ion 
and Switching Using F ibe r  O p t i c s  and Laser", i n  "Optical  and Elec t ro-  
O p t i c a l  Information Processing", Tippett, e t  a l .  ,ed., MIT Press ,  
p. 305-320; 1965.  ( Includes a t h e o r e t i c a l  and experimental  s tudy  o f  
coupiir-ig bc -J------  L W ~ = ~ ~  L J  n-71 i n i 1 ~ 3  _ -  pal  d i e l e c t r i c  waveguides, i t  a l s o  conta ins  
a p l o t  of coupling versus  separa t ion  for t h e  slab conf igura t ion .  
F i b e r  l a s e r s ,  o s c i l l a t o r s ,  and a m p l i f i e r s  a r e  a l s o  disciisszd, as well 
as a method for switching between f i b e r s  by dynamically c o n t r o l l i n g  
coupl ing.  ) 
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(45) 
(Gaseous and Solid) Guide", B.S.T.J., v o l .  45, p. 97-103; 1966 JAN. 
(Contains the. approximate analysis f o r  guiding by a thin-wall glass 
tube containing a high-density gas. The computed attenuation of 
.052 db/km suggests that such a guide is suitable f o r  long distance 
transmission. ) 

E. A .  J. Marcatili, "Light Transmission in a Multiple Dielectric 
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Appendix 111. I r r a d i a t i o n  o f  D i e l e c t r i c s  f o r  Waveguide Fabr i ca t ion .  

The present  waveguide development program has involved the 

i n v e s t i g a t i o n  of a v a r i e t y  o f  techniques f o r  the f a b r i c a t i o n  of  an 
a l l - s o l i d ,  macroscopic, d i e l e c t r i c  waveguide. One of t h e  more novel 
approaches t o  t h i s  problem has been an i n v e s t i g a t i o n  of various 
types  o f  i r r a d i a t i o n ,  such as neutron, proton, gamma ray, e t c . ,  as 
means f o r  s e l e c t i v e l y  modifying the  index of r e f r a c t i o n  of a s u i t a b l e  
d i e l e c t r i c  material. It i s  well  known (Refs. 16  and 19)  that  
i r r a d i a t i o n  changes t h e  phys ica l  p r o p e r t i e s  o f  most m a t e r i a l s .  
However, a t  present  most o f  the  l i t e r a t u r e  concerning r a d i a t i o n  
e f f e c t s  on o p t i c a l  m a t e r i a l s  concentrates  on avoiding “ r a d i a t i o n  
damage”. The ob jec t ive  of t h i s  Appendix i s  t o  consider  u t i l i z i n g  
such r a d i a t i o n  damage as a means o f  p r e c i s e l y  a d j u s t i n g  the  index 
o f  r e f r a c t i o n  of o p t i c a l  glass and fused s i l i c a .  

r a d i a t i o n  a r e  a v a i l a b l e .  I n  some cases  t h e  c h a r a c t e r i s t i c s  of the  
r a d i a t i o n  are such that t h e  e f f e c t s  occur homogeneously throughout 
a bulk m a t e r i a l .  I r r a d i a t i o n  of t h i s  na ture  c o n s t i t u t e s  a method, 
similar t o  t h e  p r e c i s i o n  annealing and s p e c i a l  s e l e c t i o n  techniques 
d iscussed  i n  Sec t ion  I1 of t h i s  r epor t ,  f o r  a d j u s t i n g  t h e  bulk 
r e f r a c t i v e  index of glass o r  quartz .  
i r r a d i a t e d  samples would then  take t h e  form of conventional gr inding,  
po l i sh ing ,  and cementing opera t ions .  Other types of  r a d i a t i o n  have 
ve ry  l i m i t e d  p e n e t r a t i n g  power and a f f e c t  on ly  a su r face  l a y e r  of 
thc 5ielzctric. Tn this case the p o s s i b i l i t y  e x i s t s  of ob ta in ing  a 
s u r f a c e  layer, wi th  t h e  proper  dimensions and index of r e f r ac t ion ,  t o  
f u n c t i o n  as a waveguide without fur ther  processing.  

confirm t h e  gene ra l  f e a s i b i l i t y  of t h e  technique and t o  determine t h e  
most promising methods of i r r a d i a t i o n .  
r a d i a t i o n ,  l i s t e d  i n  Table A3.1, have been considered, along w i t h  
t h e  main mechanisms of index change (Table A 3 . 2 ) .  
cons ide ra t ion  tnrougiiout t h i s  survey has been t h e  high o p t i c a l  
q u a l i t y  r equ i r ed  of the i r r a d i a t e d  d i e l e c t r i c .  The index of r e -  
f r a c t i o n  must be homogeneous t o  
index, o r  a t  l e a s t  t h e  d i f fe rence  between two samples, must be 

Two gene ra l  methods of waveguide f a b r i c a t i o n  involving 

Waveguide assembly of sepa ra t e ly  

A survey of i r r a d i a t i o n  e f f e c t s  has been undertaken t o  

The var ious  types  of 

An important 

and t h e  absolu te  value of’ t h e  
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DES CFUPTION MATERIAL EFFECTS TYPE 

Alpha 
I 

Helium nucleus 
Charge = +2e 
Atomic mass no. = 4 

Ionization, atomic 
displacement. 

Beta Electrons, positrons 
Charge = + e - 

Ionization, some atomic 
displacement 

Gamma 

Neutrons 

Electromagnetic 
(emitted from nucleus) 

Ionization. 

Charge = 0 
Atomic mass no. =' 1 

Atomic displacement. 

Electrons Charge = -e 
Mass = 1/1837 of proton 

Ionization, some atomic 
displacement. 

Protons 

Heavy Ions 

Infrared 

U 1 t ravio le t 

Charge = +e 
Atomic mass no. i 1 

Ionization, atomic 
displacement 

Ionized atoms 
Atomic mass no. > 1 

Ionization, atomic 
displacement. 

Electromagnetic 
lk c A < low 

Thermal effects only. 

Electromagnetic 
.01v < h < .4v 

Ionization and induced 
chemical changes. 

X-rays Electromagnetic 
10q.L < A < 10-2cL 

Ionization. 

Table A 3 . 1  - Types of irradiation. 
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MECHANISM 
O F  

INDEX CHANGE 

Atomic Change i n  dens i ty  o r  
p o l a r i z a t i o n  of com- 

Displacement* ponent atoms. 

I o n i z a t i o n .  

Chemical 
Changes . 

Thermal. 

Formation of co lor  
cen te r s .  

Modif icat ion o f  chemical 
bonds, producing new 
compound w i t h  d i f f e r e n t  
index of r e f r a c t i o n .  

Change i n  s t r u c t u r e  
( d i f f e r e n t  c r y s t a l l i n e  
phase) and/or i n t ro -  
duc t i o n  of i n t e r n a l  
s t r a i n s .  

Page A 3 . 3  

COMMENTS 

Poss ib ly  u s e f u l .  Sometimes 
r e s u l t s  i n  s t r a i n s  and 
a s s o c i a t e d  b i r e f r ingence .  
Often accompanied by co lo r  
centers ,  which can be 
annealed o u t .  

Index change a s soc ia t ed  
w i t h  absorp t ion .  

Not ye t  much l i t e r a t u r e  on 
t r anspa ren t  o p t i c a l  
m a t e r i a l s  o t h e r  t han  
p l a s t i c s .  

Useful when uniform and 
h ighly  con t ro l l ed  as i n  
p r e c i s i o n  anneal ing.  
Localized hea t ing  such as 
w i t h  I R  beam r e s u l t s  i n  
a s t r a i n e d ,  b i r e f r i n g e n t  
m a t e r i a l .  

Table A 3 . 2  - I r r a d i a t i o n  e f f e c t s .  
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c o n t r o l l a b l e  t o  It should be noted tha t  t h e  r a d i a t i o n  s tudy  
r epor t ed  he re in  i s  concerned on ly  w i t h  a pre l iminary  engineer ing 
eva lua t ion  of i r r a d i a t i o n  techniques as they  apply t o  waveguide 
f a b r i c a t i o n .  I n  a l l  cases  t h e  s implest  poss ib l e  t h e o r e t i c a l  model 
has been appl ied and t h e  r e s u l t s  a r e  only  intended t o  i n d i c a t e  
genera l  s u i t a b i l i t y  o r ,  a t  bes t ,  o r d e r  of  magnitude e s t ima tes  of 
parameters.  

o f  t h i s  survey. 
index change - color  c e n t e r s  and atomic displacements.  Par t s  
C through G d i scuss  the  e f f e c t  of var ious  types  of i r r a d i a t i o n  
inc luding  neutron, proton, heavy ion, e l e c t r o n  and electromagnet ic  

The following s e c t i o n s  of  t h i s  Appendix p r e s e n t  t h e  r e s u l t s  
P a r t s  A and B d i s c u s s  two bas i c  mechanisms of 

A .  Color Centers. 

One poss ib l e  mechanism f o r  changing t h e  index of r e f r a c t i o n  
-of a d i e l e c t r i c  i s  t h e  c r e a t i o n  of co lo r  c e n t e r s .  
cen te r "  r e f e r s  t o  a f r e e  e l e c t r o n  which i s  t rapped a t  a l a t t i c e  
defec t  as shown i n  Fig.  A 3 . 1 .  
spectrum similar t o  t ha t  of t h e  s i n g l e  e l e c t r o n  i n  hydrogen. 
is ,  of course, a v a r i a t i o n  of t h e  index of r e f r a c t i o n  a s s o c i a t e d  
w i t h  such a resonance. It should be noted that  t h e  simple d e s c r i p t i o n  
above a p p l i e s  s p e c i f i c a l l y  t o  a p a r t i c u l a r  c o l o r  c e n t e r  - t h e  F-center  
i n  a l k a l i - h a l i d e  c r y s t a l s  (Ref. 5 ) .  Color c e n t e r s  i n  o t h e r  m a t e r i a l s  
may involve seve ra l  e l e c t r o n s  o r  ho le s  bound t o  impur i ty  atoms as 
well  as l a t t i c e  de fec t s .  The s i t u a t i o n  i s  a l s o  complicated by t h e  
non-c rys t a l l i ne  nature  of glass and fused s i l i c a .  Nevertheless ,  
t h e  ex tens ive  l i t e r a t u r e  on a l k a l i - h a l i d e  c o l o r  c e n t e r s  has been 
u s e f u l  i n  t h i s  work ( see  f o r  ins tance ,  Refs.  1 and 5 ) .  

e l e c t r o n s  wi th in  t h e  m a t e r i a l .  A c o l o r  c e n t e r  i s  formed whenever 
a pass ing  f r e e  e l ec t ron  i s  captured by a r eg ion  of l o c a l i z e d  
p o s i t i v e  charge, as  occurs  f o r  i n s t ance  a t  a negat ive- ion  vacancy 
i n  t h e  a lka l i  halides. There a r e  always a l i m i t e d  number of 
d e f e c t s  e x i s t i n g  i n  every m a t e r i a l  ( R e f .  5 ) ,  SO i t  i s  p o s s i b l e  t o  
form c o l o r  cen te r s  with a p u r e l y  i o n i z i n g  r a d i a t i o n ,  e .g . ,  gamma 
rays, X-rays, e t c .  T h i s  approach i s  a t t r a c t i v e  s i n c e  t h e s e  n a t u r a l  

The term "color  

Such an e l e c t r o n  e x h i b i t s  an abso rp t ion  
There 

Color-center product ion r e q u i r e s  c r e a t i o n  of f r e e  
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c )  Color c e n t e r  

(F-center )  

NOTE: + r e p r e s e n t s  p o s i t i v e  i o n s  
- r e p r e s e n t s  negative i o n s  

Fig.Ag.1 - Schematic r ep resen ta t ion  of d e f e c t s  and c o l o r  cen te r s .  
I 
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d e f e c t s  a r e  usua l ly  randomly d i s t r i b u t e d  and the  r e s u l t a n t  index 
change w i l l  be homogeneous. If t he  n a t u r a l  d e f e c t s  do not  provide 
s u f f i c i e n t  co lor  centers ,  a d d i t i o n a l  ones may be added by c r e a t i n g  
new d e f e c t s  w i t h  o t h e r  t ypes  of i r r a d i a t i o n  such as neutrons,  and 
then  

sonances t o  t h e  con t ro l  of index of r e f r a c t i o n  w i l l  be considered. 
The f i rs t  technique, which i s  t h e  s imples t  i n  concept, involves  t h e  
use of color-center  resonances occuring i n  t h e  v i s i b l e  spectrum near  
t h e  des i r ed  opera t ing  wavelength. T h i s  case i s  i d e a l i z e d  i n  t ha t  i t  
assumes t h a t  a s ingle ,  simple resonance can be introduced i n  t h e  
chosen m a t e r i a l  a t  t h e  d e s i r e d  wavelength. Thds  i s  not  p o s s i b l e  i n  
genera l ,  bu t  cons idera t ion  of t h i s  technique i s  j u s t i f i e d  by i t s  
s i m p l i c i t y  and the bas i c  i n s i g h t  i t  y i e l d s .  The second technique 
considered i s  the u t i l i z a t i o n  of color -center  resonances loca t ed  i n  
t h e  u l t r a v i o l e t  (W) with t h e  waveguide opera ted  off-resonance i n  
t h e  v i s i b l e .  T h i s  i s  t h e  more promising approach because off- 
resonance t h e  r a t i o  of index change t o  a t t e n u a t i o n  i s  l a r g e r ,  and 
t h e  p o s s i b i l i t y  o f  low-loss ope ra t ion  e x i s t s .  

v i s i b l e ,  t h e  well known c o l o r  c e n t e r s  i n  g l a s s  and fused  s i l i c a  have 
been considered. I n  genera l ,  f o r  simple c o l o r  c e n t e r s s u c h  as these ,  
t h e  maximum change i n  r e f r a c t i v e  index occurs  a t  the three-db p o i n t s  
of t he  a s soc ia t ed  absorp t ion  curve ( R e f .  1). The maximum value of 

11 color ing"  these  d e f e c t s  w i t h  i on iz ing  i r r a d i a t i o n .  
Two s p e c i f i c  techniques f o r  applying co lor -center  re- 

I n  t h e  f i rs t  approach, involv ing  c o l o r  c e n t e r s  i n  t h e  

t h i s  index change, Anmax, i s  approximately; 

where %ax i s  t h e  absorp t ion  c o e f f i c i e n t  i n  napiers/cm. 
For t h e  s p e c i f i c  example of b o r o s i l i c a t e  crown glass t h e r e  

i s  a c o l o r  center ,  a c t i v a t e d  by gamma i r r a d i a t i o n ,  at0.615 microns 
(Ref. 8 ) .  The s a t u r a t i o n  (maximum p o s s i b l e )  value o f  t h e  abso rp t ion  
c o e f f i c i e n t  a t  the c e n t e r  frequency i s  0.575 napiers/cm, correspond- 
ing  t o  an a t t e n u a t i o n  of 2 . 5  db/cm and a maximum index  v a r i a t i o n  
Of 1 . 4  x 
the  homogeneity of t h e  b e s t  g l a s s e s ,  i t  i s  too  low t o  be a p p l i c a b l e  
f o r  t h e  waveguide a p p l i c a t i o n .  I n  fused s i l i c a  t h e  induced index 

Since t h i s  index change i s  on ly  of t h e  o r d e r  of 
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change i s  even smaller  than i n  glass. Therefore,  f o r  any hope of 
success  w i t h  co lor  cen te r s  i n  the v i s i b l e ,  a s t ronge r  resonance must 
be found. However, s ince  t h i s  w i l l  a l s o  increase  t h e  absorpt ion,  it 
appears  t ha t  t h e r e  w i l l  always be a s u b s t a n t i a l  l o s s .  

As an example, f o r  t h e  case of a 50h, single-mode, d i e l ec -  
t r i c - s l a b  waveguide, t he  inherent  a t t enua t ion  due t o  co lo r  cen te r  
absorpt ion would be of t he  order  of 40 db/cm, i f  only  the  core  i s  
i r r a d i a t e d ,  and about 15 db/cm, i f  only  the  cladding i s  i r r a d i a t e d .  
I n  e i t h e r  case,  t he  inherent  l o s ses  a r e  excessive.  Therefore,  t he  
use of v i s i b l e  co lor  c e n t e r s  i s  not  p r a c t i c a l  because ope ra t ion  near  
the  resonance r e s u l t s  i n  excessive loss and off resonance t h e r e  i s  
i n s u f f i c i e n t  index change. 

resonance use of  co lor  cen te r s  located i n  the  W, is more promising. 
The W co lo r  c e n t e r s  are considerably s t ronger  (more a t t e n u a t i o n  and 
index change) than those i n  the  v i s i b l e .  
co lo r  c e n t e r  i n  g l a s s  a t  0.256 microns t h a t  i s  25 t imes s t ronger  
than t h e  one a t  0.615 mlcrons (Ref. 8 ) .  Present ly ,  very  l i t t l e  
empir ica l  d a t a  i s  a v a i l a b l e  and some simple computations o f  index 
v a r i a t i o n  a t  wavelengths off-resonance do not c o r r e l a t e  wel l  wi th  the  
data that  i s  ava i l ab le .  However, measurements performed a t  t h e  
Nat iona l  Bureau o f  Standards (Ref. 20)  and p a r t i a l l y  reproduced i n  
Fig.A3.2 i n d i c a t e  tha t  an index change of  2 x was observed near  
0.6328 microns f o r  gamma-irradiated glass, and t h e r e  i s  neg l ig ib l e  
a t t e n u a t i o n .  It can be assumed tha t  t h i s  change I s  a t  l e a s t  p a r t i a l l y  
due t o  color c e n t e r s  i n  the  W. Because of t h i s  da ta ,  t he  i n t r o -  
duc t ion  of W colo r  c e n t e r s  i s  considered a poss ib l e  mechanism f o r  
c o n t r o l l i n g  t h e  index of r e f r a c t i o n  of g l a s s e s  f o r  waveguide appl ica-  
t i o n s .  

r e f r a c t i v e  index of glass i s  a t t r a c t i v e  because of t he  homogeneity 
of t h e  r e s u l t a n t  ma te r i a l  and because pure ly  ion iz ing  r a d i a t i o n  such 
as gamma rays does not introduce many add i t iona l  d e f e c t s  and i n t e r n a l  
Sti-aiiis. nIblluubjll n 7 L L - - - - ~  c l v A v A  - - 7 - -  u b A L w u I  - - - + n n ~  in $he ~ : i ~ j h l ~  can he 7311ed ou t  

because of t he  l o s s e s  associated w i t h  opera t ion  near  t he  c e n t e r ' o f  
t h e  resonance, t he  off-resonance opera t ion  w i t h  s t rong  UV co lo r  
c e n t e r s  o f f e r s  promising p o s s i b i l i t i e s .  

Fortunately,  t he  a l te rDate  method, involving the  o f f -  

For example, t h e r e  is  a 

To summarize, t h e  use of  co lo r  cen te r s  to a d j u s t  t h e  
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175 D A Y S  AFTER 
I R R A D I A T I O N  WITH 
lo6 RADS 

(Data from Ref. 20) 

0.4 0 06 0.8 1 .o 
WAVELENGTH (Micxdns) 

F ig .  A 3 . 2  - Change i n  index of r e f r a c t i o n ,  as a f u n c t i o n  of wave- 
length ,  f o r  b o r o s i l i c a t e  crown g l a s s  irradiated w i t h  I 

g a m  rays .  

3 

(Data from R e f .  4 )  

NEUTRON FLUX (Neutrona/cm') 

F ig .  A 3 . 3  - Change In d e n s i t y  of fused  s i l i c a  r e s u l t i n g  from 
I r r a d i a t i o n  i n  n u c l e a r  r e a c t o r s .  
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B. Atomic Displacements. 

Atomic displacements r e s u l t  mainly from i r r a d i a t i o n  wi th  
neutrons,  protons,  heavy ions  and e l e c t r o n s .  An atomic displacement 
occurs  whenever a target atom i s  permanently d isp laced  from i t s  
normal p o s i t i o n  by impact w i t h  an i r r a d i a t i n g  p a r t i c l e .  Such move- 
ment of  atoms resul ts  i n  a new average in te ra tomic  d i s t ance  through- 
ou t  the i r r a d i a t e d  p o r t i o n  of  the sample. T h i s ,  of  course, cor res -  
ponds t o  a d e n s i t y  change ( s e e  Fig.A3.3) and subsequent a l t e r a t i o n  of  
t h e  index of  r e f r a c t i o n ,  which is p ropor t iona l  t o  dens i ty .  It has 
been experimental ly  observed t h a t  t h e  d e n s i t y  may e i t h e r  i nc rease  o r  
decrease depending upon t h e  ta rge t  m a t e r i a l .  I n  fused s i l i c a ,  f o r  
example, t h e  d e n s i t y  increase  i s - t h e  main reason f o r  t h e  observed 
inc rease  i n  r e f r a c t i v e  index during neqtron i r r a d i a t i o n .  
s i t u a t i o n  f o r  I r r a d i a t i o n  of glass i s  more complex than  f o r  fused 
s i l i c a  (Ref. 7 )  and t h e  descr ip5ion o f  index change by means of  
atomic displacements w i l l  be r e s t r i c t e d  t o  fused  s i l i ca  i n  t h i s  
r e p o r t .  

change, t h e r e  i s  a l s o  a s m a l l  con t r ibu t ion  t o  the index v a r i a t i o n  
caused by a change i n  t h e  p o l a r i z a b i l i t y  o f  t h e  target atoms. 
occurs  because t h e  d isp laced  atom experiences d i f f e r e n t  e l e c t r o -  
s t a t i c  f o r c e s  i n  i t s  new environment which a l t e r  i t s  p o l a r i z a b i l i t y ,  
as  we l l  as that  of ad jacent  a t o m s .  Although t h i s  e f f e c t  i s  observa- 
b l e ,  it i s  s m a l l  i n  fused s i l i c a  (Ref. 4)  and w i l l  not be considered 

The 

I n  a d d i t i o n  to t h e  index modi f ica t ion  related to d e n s i t y  

This 

f ' i r n i - h n n  h n m n - 1  
L U I  ".&-a. .a_- - ---. 

It should be noted t h a t  there i s  no inherent  absorp t ion  
l o s s  a s s o c i a t e d  w i t h  t h e  dens i ty - r e l a t ed  index change discussed above. 
Therefore, t h i s  approach does not g e n e r a l l y  s u f f e r  from t h e  same 

loss l i m i t a t i o n s  as t h e  color-center  approach descr ibed previous ly .  
However, t h e r e  may be t h e  inadvertent  i n t roduc t ion  of  loss-producing 
c o l o r  cen te r s ,  s i n c e  t h e  displaced atoms c o n s t i t u t e  " l a t t i c e "  d e f e c t s  
which may be converted i n t o  co lor  cen te r s  during i r r a d i a t i o n .  
Fo r tuna te ly ,  t hese  undesL.ed colsl? eer;terr= 2 8 2  be coEp1etel-y a.nd 
permanently removed i n  most ma te r i a l s  by c o n t r o l l e d  anneal ing 
( R e f .  15) .  
t h e  displacements,  and t h e  b i re f r ingence  a s soc ia t ed  wi th  such s t r a i n  

An a d d i t i o n a l  problem i s  t h e  i n t e r n a l  s t r a i n  caused by 
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which may be detr imental  t o  waveguide ope ra t ion .  
t o p i c  which r equ i r e s  f u r t h e r  i n v e s t i g a t i o n .  

I n  order  t o  u t i l i z e  atomic displacements f o r  modifying t h e  
r e f r a c t i v e  index of d i e l e c t r i c s ,  t h e  change i n  index must be r e l a t e d  
t o  t h e  r a d i a t i o n  dosage. Although many types  of i r r a d i a t i o n  produce 
displacements,  very l i t t l e  data concerning t h e  a s soc ia t ed  index 
change i s  ava i l ab le .  I n  o r d e r  t o  r e l a t e  t h e  index change t o  t h e  
dosage f o r  d i f f e r e n t  types of  r a d i a t i o n ,  i t  I s  u s e f u l  t o  f i r s t  
r e l a t e  index change t o  atomic displacements ( r e g a r d l e s s  of how they  
a r e  produced), and then t o  compute the  dosage, f o r  t h e  r a d i a t i o n  of 
i n t e r e s t ,  needed to produce t h e  r equ i r ed  displacements.  

number of displacements and t h e i r  microscopic d i s t r i b u t i o n .  F i g A 3 . 4  
i s  a schematic i l l u s t r a t i o n  o f  a sample of  fused s i l i c a  i s o t r o p i c a l l y  
i r r a d i a t e d  w i t h  neutrons.  By var ious  means (Refs. 9 and 21), i t  has 
been determined that neutron-Induced displacements a r e  d i s t r i b u t e d  
i n  rod-shaped regions wi th  an  average volume of t h e  o r d e r  of 
( 7 0  A n g ~ t r o r n s ) ~ ;  t h e  shape has been determined from optical 

s c a t t e r i n g  data ( R e f .  9 ) .  I t * i s  es t imated  that  t h e  r e f r a c t i v e  
index e x t e r n a l  t o  t h e  rod-shaped reg ion  i s  t h a t  of t h e  u n i r r a d i a t e d  
m a t e r i a l  ( n  = 1.46 f o r  f’used s i l i c a ) ,  while t h e  index of t h e  rod I S  

equal  t o  t h e  sa tu ra t ed  value of t h e  i r r a d i a t e d  m a t e r i a l  (n  = 1 . 4 7  f o r  
fused s i l i c a ) .  The sample i l l u s t r a t e d  i n  Fig.A3.4(a) i s  r e f e r r e d  t o  
as “unsa tu ra t ed” ,  As t h e  bombardment cont inues,  an overlapping of 
t h e  rod-shaped regions occurs  as shown I n  Fig.A3.4(b).  F i n a l l y ,  t h e  
case i s  reached where the rods a r e  no longer d i s t i n g u i s h a b l e  and t h e  
m a t e r i a l  aga in  appears homogeneous, but  w i t h  h ighe r  index of  r e f r a c -  
t i o n .  T h i s  f i n a l  s t a t e  is r e f e r r e d  t o  a s ” s a t u r a t i o n ” .  

i n  form t o  one type o f  a r t i f i c i a l  d i e l e c t r i c  and i t s  bulk r e f r a c t i v e  
index can be computed us ing  a r t i f i c i a l  d i e l e c t r i c  techniques  (Ref. 2 2 ) .  
It t u r n s  Out that ,  If t h e  d i f f e rence  i n  index between t h e  rod  r eg ion  
and the  undamaged reg ion  i s  small, as i s  t h e  case i n  fused  s i l i c a  
(An k: .Ol),- and if t h e  o r i e n t a t i o n  of t h e  rods  i s  random, t h e  b u l k  
index of r e f r a c t i o n  is  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  t o t a l  volume 
of t h e  rods .  It follows t h a t  t h e  bulk index i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  number of displacements and , for  t h i s  case,  i t  i s  on ly  

T h i s  i s  an important 

The index of r e f r a c t i o n  i s  r e l a t e d  t o  both t h e  t o t a l  

It can be seen t h a t  t h e  unsa tura ted  m a t e r i a l  i s  similar 
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a )  Early s t a g e  of irradiation. 

b) Detailed view of a portion of the Irradiated sample 
(*&qe$tlc&4! = 

F i g .  A3.4 - Microscopic d i s t r i b u t i o n  of neutron damage. 
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necessary t o  determine t h e  p r o p o r t i o n a l i t y  constant  t o  o b t a i n  t h e  
des i r ed  r e l a t i o n .  
between neutron dosage and t h e  bulk r e f r a c t i v e  index of  fused s i l i c a .  
An a u x i l i a r y  s c a l e  has been added t o  t h i s  curve t o  i n d i c a t e  t h e  
corresponding number of displacements.  T h i s  curve i n d i c a t e s  a l i n e a r  
r e l a t i o n s h i p  between index and displacements a t  low dosages. Since 
only  small index changes a r e  r equ i r ed  for waveguide f a b r i c a t i o n ,  
t h e  n o n l i n e a r i t i e s  a t  h igh  doses w i l l  be ignored.  The r e l a t i o n  
between index change and displacements, ob ta ined  d i r e c t l y  from t h i s  
curve i s :  

F ig .M.5  i n d i c a t e s  t h e  empir ica l  r e l a t i o n s h i p  

- 2 3  
An = 10 ( N d ) ,  ( 3 . 2 )  

where Nd i s  t h e  number of displacements.  
appl ied  t o  any type of r a d i a t i o n  where t h e  index change i s  caused 
by displacements.  However, f o r  r a d i a t i o n  o t h e r  than  neutrons,  t h i s  
involves  t h e  assumption tha t  t h e  microscopic damage d i s t r i b u t i o n  
(rod shape and o r i e n t a t i o n )  i s  s i m i l a r  t o  t ha t  f o r  neutrons.  
P a r t i c u l a r l y  i f  t he  rods a r e  not  ratidom, but  o r i e n t e d  along t h e  same 
axis, a more d e t a i l e d  computation i s  necessary.  Nevertheless ,  it 
w i l l  be assumed he re in  that  Eq. 3 .2  ho lds  for a l l  types of  r a d i a t i o n .  

d i e l e c t r i c  m a t e r i a l  e x h i b i t i n g  s a t u r a t i o n  of i t s  index of r e f r a c t i o n  
should be r a t h e r  homogeneous. Furthermore, t h e  r e s u l t a n t  index of 
r e f r a c t i o n  a t  s a t u r a t i o n  should be t h e  same f o r  a l l  types of 
i r r a d i a t i o n .  For ins tance ,  t h e  index of r e f r a c t i o n  of fused  s i l i ca  
a t  s a t u r a t i o n  i s  r a i s e d  0.012 above t h e  u n i r r a d i a t e d  value by 
neutron i r r a d i a t i o n ;  and 0.013 by heavy i o n  (neon) i r r a d i a t i o n .  
Unfortunately,  most waveguide a p p l i c a t i o n s  r e q u i r e  an index change 
much smaller than t h i s  s a t u r a t i o n  value so that  reannea l ing  t o  
remove some of the displacements,  as d i scussed  i n  Ref .  15, would be 
necessary.  It i s  u n l i k e l y  tha t  such a p rocess  would be as 
des i r ab le  a s  s imply  h e a t r e - t r e a t i n g  u n i r r a d i a t e d  glass. 

I n  summary, it appears  tha t  adjustment of r e f r a c t i v e  index 
by means of  i r rad ia t ion- induced  atomic displacements  i s  a reasonable  
technique f o r  waveguide f a b r i c a t i o n .  The index  change r e s u l t i n g  
from unsa tura ted  i r r a d i a t i o n  i s  c o n t r o l l a b l e  and s u f f i c i e n t  f o r  t h e  

T h i s  r e l a t i o n  w i l l  be 

The treatment above a p p l i e s  t o  t h e  unsa tu ra t ed  case;  a 
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., 
FigA3.5  - The v a r i a t i o n  i n  t h e  rer^rackivz Li?lex of fused z i l f c a  

resulting from i r r a d i a t i o n  i n  a nuc lea r  r e a c t o r .  
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' waveguide app l i ca t ion .  It is recommended tha t  a d d i t i o n a l  work, 
mainly experimental i n  nature ,  be conducted t o  r e so lve  t h e  more 
s e r i o u s  quest ions which concern such th ings  as b i r e f r ingence ,  
s t r a i n ,  homogeneity, e t c . ,  that  a r e  no t  r e a d i l y  ca l cu la t ed .  The 
fol lowing sec t ions  d i s c u s s  t h e  a p p l i c a t i o n  of  s p e c i f i c  t ypes  of 
i r r a d i a t i o n ,  and f u r t h e r  conclusions w i l l  be presented t h e r e i n .  

C .  Neutron I r r a d i a t i o n .  

Neutron i r r a d i a t i o n  i s  of i n t e r e s t  because of i t s  a b i l i t y  
t o  cause atomic displacements and, thereby, modify t h e  r e f r a c t i v e  
index of d i e l e c t r i c s  as discussed i n  t h e  preceding s e c t i o n .  Neutrons 
d i f f e r  from o the r  atomic p a r t i c l e s  because they  l a c k  an  e l e c t r i c a l  

v e r y  pene t ra t ing ;  t h e  range of neutrons i n  fused  s i l i c a ,  f o r  i n s t ance ,  
i s  much g r e a t e r  than t h e  waveguide width and f o r  ou r  purposes can 
be considered i n f i n i t e .  Therefore,  neutron i r r a d i a t i o n  is a p p l i c a b l e  
only  t o  causing bulk index changes; i t  would not  be u s e f u l  for 
sur face  modif icat ion.  

s i l i c a  is one of t h e  more completely documented a s p e c t s  of irradia- 
t i o n  e f f e c t s ,  due mainly t o  the  e f f o r t s  of W.  Primak a t  Argonne 
Nat ional  Labora tor ies  (Ref. 10). Therefore,  t h e  formula r e l a t i n g  
displacements t o  index need not  be used; t h e  experimental  data can 
be  appl ied  d i r e c t l y .  
S i l i c a ,  p l o t t e d  i n  t h e  previous sec t ion ,  i n d i c a t e s  t h a t  a t  low dosage 
l e v e l s ,  t h e  index can be r e l a t e d  t o  neutron dosage, @, by the  empiri- 
c a l  r e l a t i o n ,  

charge.  Since they  l o s e  no energy by d i r e c t  i on iza t ion ,  t hey  a r e  I 

Neutron i r r a d i a t i o n  of both c r y s t a l l i n e  qua r t z  and fused 

The v a r i a t i o n  of t h e  r e f r a c t i v e  index of fused 

iP = 10" (An). (3.3) 

T h i s  equat ion can be used t o  c a l c u l a t e  t h e  neut ron  dosage necessary  
t o  c r e a t e  a given index change, 
single-mode waveguide a t  0 .6328  microns i s  about 4 x 10l6 neutronS/cm 
(An = 4 x 
i n  a r e a c t o r  w i t h  a f l u x  of 101lneutrons/cm -sec,  (Ref. 11). 

The dosage r e q u i r e d  f o r  a 50h, 
3 

T h i s  corresponds t o  an  exposure of about one week 
3 

I 
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It would be poss ib l e  t o  te rmina te  the d e s c r i p t i o n  of neu- 
t r o n  e f f e c t s  a t  t h i s  po in t .  
f a b r i c a t i o n  has been est imated above and t h e  s p a t i a l  d i s t r i b u t i o n  
corresponds t o  that  discussed i n  P a r t  B of t h i s  Appendix. However, 
i t  was apparent from the previous s e c t i o n  t h a t  a knowledge of neutron 
displacement product ion i s  necessary t o  extend these  r e s u l t s  t o  
o t h e r  p a r t i c l e s  (as was done i n  Eq. ( 3 . 2 ) ) .  For t h i s  reason , the  
mechanism of neutron displacement product ion i s  o u t l i n e d  below; i t  
should be noted that  many of t h e  f a c t o r s  d i scussed  apply equa l ly  
wel l  t o  o t h e r  p a r t i c l e s .  

neutrons and target atoms i s  given by, 

The r equ i r ed  dose f o r  waveguide 

The number of displacement-producing c o l l i s i o n s  between 

where Nk i s  the number of displaced atoms, T is  t h e  neutron f lux ,  
No i s  t h e  atomic d e n s i t y  of t h e  target d i e l e c t r i c ,  and ad is  the  
c ros s - sec t ion  f o r  displacements. The d isp laced  atoms, r e f e r r e d  t o  
as "knock-ons", acqui re  considerable  energy i n  these  c o l l i s i o n s  
and c r e a t e  a d d i t i o n a l  displacements. Therefore,  t h e  c a l c u l a t i o n  of 
t o t a l  displacements r e q u i r e s  an es t imate  of t h e  number of  d i s -  
placements p e r  "knock-on" as well as the  number of  primary d i s -  

placements. 

depends on how i t s  energy i s  d i s s ipa t ed .  
L ~ S P E  w ~ r g ~ r  hy fonqzation a s  well as by c r e a t i n g  displacements.  
For  s i m p l i c i t y ,  it i s  gene ra l ly  assumed that energy i s  l o s t  by 

i o n i z a t i o n  only, u n t i l  t h e  threshold f o r  i on iza t ion ,  Ei, is  reached, 
where 

The number of displacements c rea t ed  by the knock-on 
I n  genera l ,  t h e  knock-on 

Ei (Kev) w Ak . ( 3 . 5 )  

Ak i s  t h e  atom weight of t he  t a r g e t  atoms. 

by displacements g iv ing  t h e  number of  displacements ( N d )  p e r  
knock-on as, 

For fused s i l i c a  Ei i s  
wr ihe CJrcier. o r  22, Kev. The remai r ; i r ;g  er;zrgy is &sorbed rnair?ly 
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(3 .6)  

Ed i s  the  minimum energy requi red  t o  d i sp l ace  an  atom and i s  
nominally 25 e v .  Therefore, i n  fused s i l i c a  t h e r e  are about 400 
displacements per knock-on. Actua l ly  t h e  number i s  somewhat 
h igher  than  t h i s  due t o  displacements occuring above t h e  threshold  
for i on iza t ion ;  t hese  a r e  not  included i n  t h i s  number. 
number of displacements can now be computed wi th  t he  formula 

The t o t a l  

Nrg fi: 400 ip (3.7) 

w 100 ip . 
Two uses  f o r  neutron i r r a d i a t i o n  are ev ident  from t h e  

prev ious  d iscuss ions .  I n  the f i rs t  case,  neutrons can be used t o  
change t h e  bulk r e f r a c t i v e  index of waveguide m a t e r i a l s .  However 
f o r  reasons '  o f  economics, as well  as homogeneity, neutron i r r a d i a t i o n  
i s  probably not a s  a t t r a c t i v e  as p r e c i s i o n  reannea l ing  f o r  t h i s  
a p p l i c a t i o n .  A second, but  poss ib ly  more important a p p l i c a t i o n  of 
neutrons i s  i n  t h e  bas ic  s tudy  of  r a d i a t i o n  e f f e c t s .  They have 
a l r eady  served t h i s  purpose i n  e s t a b l i s h i n g  a gene ra l  r e l a t i o n s h i p  
between displacements and r e f r a c t i v e  index (Eq. 3 .2) .  F'uture ex- 
per imental  work with d i e l e c t r i c  waveguides f a b r i c a t e d  from neutron- 
i r r a d i a t e d  fused s i l i c a  should e l u c i d a t e  t h e  fundamental cha rac t e r -  
i s t i c s  of rad ia t ion-processed  o p t i c a l  waveguides, without t h e  
a d d i t i o n a l  complications imposed by t h e  complex spat ia l  d i s t r i b u t i o n s  
of o the r ,  l e s s -pene t r a t ing  p a r t i c l e s  ( see  P a r t  D of t h i s  Appendix). 

D . Pro ton  Xrradiat ion .  

Protons, l i k e  neutrons,  a r e  considered h e r e i n  mainly as 

i s  
a means f o r  producing an index change by atomic displacements .  
Since t h e  pene t r a t ion  depth of pro tons  a t  reasonable  ene rg ie s  
of t he  o rde r  of waveguide s i z e s ,  p ro ton  i r r a d i a t i o n  i s  p a r t i c u l a r l y  
app l i cab le  f o r  waveguide f a b r i c a t i o n .  I n  t h i s  regard,  W .  P r imak 
( R e f .  13 and 23 ) , in  t h e  course of o p t i c a l  s t r a i n  measurements, has 
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reported observa t ion  of possible  waveguide phenomena i n  proton-  
i r radiated fused s i l i c a .  
f l uxes  a r e  r e a d i l y  ava i l ab le ;  beam cu r ren t s  up t o  250 microamps, 
corresponding t o  1.56 x 1015 protons per  second, can be obta ined  
from commercial a c c e l e r a t o r s  (Ref. 14) .  

charge,which means they  a r e  b a s i c a l l y  an ion iz ing  r a d i a t i o n .  
consequence, proton "damage" is d i s t r i b u t e d  between two b a s i c a l l y  
d i f f e r e n t  regions within the  t a r g e t  d i e l e c t r i c .  
i o n i z a t i o n  i s  dominant; i n  t he  other ,  displacements predominate. 
Both reg ions  contain some atomic displacements and e x h i b i t  a r e -  
f r a c t i v e  index d i f f e r e n t  from t h e  p r e i r r a d i a t i o n  value.  

The first reg ion  i s  ca l l ed  the  " ion iza t ion  region' '  and 
extends from the  sur face  of t he  t a r g e t  inward t o  the  po in t  where 
proton energy has dropped below the  threshold of i o n i z a t i o n  as given 
by Eq, (3.5). I t s  length,  det?rmined almost e n t i r e l y  by ion iza t ion  
i n t e r a c t i o n s ,  i s  about equal t o  t he  conventional range, which i s  a 
w e l l  documented quan t i ty .  
p ro tons  i n  fused s i l i c a  i s  p l o t t e d  i n  Fig.A3-6 i n  u n i t s  of g/cm . 
This  i s  the  convent ional  u n i t  f o r  range and i t  can be converted t o  
cent imeters  by dividing by the density of the  t a r g e t  ma te r i a l  
(2 .2  g/cm3 f o r  fused s i l i c a ) .  (It can be shown that  range i s  
p ropor t iona l  t o  the  r a t i o  of atomic mass t o  atomic number of t he  
t a r g e t  ma te r i a l .  Since t h i s  i s  o f t e n  near  un i ty ,  t he  range, expressed 
i n  g/cm , i s  nea r ly  independent of target ma te r i a l ,  which expla ins  
t h e  1~-3p S J - C ~  1cw2gl1ql iin4t.s for represent ing  a d i s t ance .  The 

data i n  F i g . e . 6  a c t u a l l y  applies t o  aluminum, but  t he  d iscuss ion  
above, as wel l  as considerat ion of i o n i z a t i o n  p o t e n t i a l s ,  i n d i c a t e s  
that i t  is a good approximation f o r  fused s i l i c a .  T h i s  equat ion 
can be used to compute the  proton energy requi red  t o  produce a given 
s i z e  waveguide. As an example, a 1.5 Mev proton has a range of 
27 microns (43h a t  0.633 microns) which i s  o f  t he  order  of wave- 
guide core dimensions. 

a p ro ton - i r r ad ia t ed  d i e l e c t r i c ,  as seen i n  F ig .M.7 .  I n  o rde r  t o  
compute the  index change as a funct ion of p o s i t i o n  it  i s  necessary 

It should a l s o  be noted that  use fu l  pro ton  

Protons d i f f e r  from neutrons by v i r t u e  of t h e i r  p o s i t i v e  
As a 

I n  one reg ion ,  

The range as a func t ion  of  energy f o r  
2 

2 

-- mere i s  a o u ~ u p i e x  vZi7 ia t io i i  of re f rac t ive  inckx xith3.z 
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Fig .  A3.6 - Range of pro tons  in fused silica. 
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COLLISION-ONLY + REGION 

I 

DISTANCE FROM SURFACE 

F l g A 3 . 7  - Schematic I l l u s t r a t i o n  of r e f r a c t i v e  Index p r o f i l e  of 
fused s i l i c a  a f t e r  proton i r r a d i a t i o n .  
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t o  cons ider  t h e  var ious  displacement e f f e c t s  occur r ing .  The 
mechanism of  displacement production i n  t h e  i o n i z a t i o n  reg ion  
fo l lows  a process  of knock-on product ion similar t o  that  ind ica ted  
previous ly  f o r  neutrons.  The maximum amount of energy t h a t  can be 
t r a n s f e r r e d  t o  the "knock-on" atoms, Em, i s  given by t h e  conven- 
t i o n a l  expression (Refs. 2 and 6 ) ,  

E =  4M1M2 2 E, (3.8) 
(MI + M2) 

-_  
where M1 and M2 a r e  t h e  masses of t h e  i n c i d e n t  and t a r g e t  atoms 
r e s p e c t i v e l y .  T h i s  y i e l d s  a maximum energy t r a n s f e r  of 0 .17E  f o r  
protons i n  fused s i l i c a .  
on by 1.5 Mev protons i s  of t h e  same o rde r  as that  t r a n s f e r r e d  b y  
1/2 Mev neutrons ( t y p i c a l  f o r  atomic r e a c t o r s ) ,  i t  i s  expected 
t h a t  t h e  same general  type of  microscopic rod s t r u c t u r e  w i l l  be 
observed i n  t h i s  reg ion  ( see  Fig.  A3.4). 

The c ross  s e c t i o n  f o r  displacements i s  i n v e r s e l y  pro-  
- p o r t i o n a l  t o  proton energy (Refs. 2 and 6 ) .  Consequently, f o r  non- 
s a t u r a t i n g  i r r a d i a t i o n s ,  i t  i s  expected that t h e  number of  d i s -  
placements, and, t he re fo re ,  t h e  r e f r a c t i v e  index, w i l l  i nc rease  
w i t h  d i s t ance  from t h e  sur face .  F i g . U . 7  i s  a schematic i l l u s -  
t r a t i o n  of  t h e  expected index o f  r e f r a c t i o n  p r o f i l e  as a f u n c t i o n  
of d i s t a n c e  from the sur face .  Addit ional  index v a r i a t i o n s  ev ident  
i n  t h i s  f i g u r e  a re  discussed below. 

energy becomes too low f o r  i o n i z a t i o n ,  t h e r e  w i l l  be a very s h o r t  
Section, kemned the "co l l i s ion -on ly"  r eg ion  where t h e  energy i s  
d i s s i p a t e d  almost e n t i r e l y  i n '  displacement-producing c o l l i s i o n s .  
The number of displacements i n  t h i s  r eg ion  i s  of  t h e  o r d e r  of 
400 displacements per inc iden t  proton, r e g a r d l e s s  of t h e  i n i t i a l  
p ro ton  energy. Therefore, s i n c e  about 4 x lo2' displacements/cc 
corresponds t o  s a t u r a t i o n  and t h i s  r eg ion  i s  of t h e  o r d e r  of 

cm thick,  s a t u r a t i o n  occurs  i n  t h i s  r eg ion  f o r  dosages i n  
excess of protons/cm . 
p r o f i l e ,  i s  t h e  presence of  molecular Hydrogen i o n s  (H2 ) i n  t h e  
inc iden t  beam. These molecules a r e  a c c e l e r a t e d  t o  t h e  same energy 
as  t h e  pro tons .  However, as they  S t r i k e  t h e  t a r g e t  sur face  they  

Since t h e  energy t r a n s f e r r e d  t o  t h e  knock- 

A t  t h e  end of t h e  i o n i z a t i o n  region,  when t h e  p ro ton  

2 

As seen i n  F i g . B . 7  a t h i r d  f a c t o r ,  complicat ing t h e  
4- 
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s p l i t  i n t o  two protons,each car ry ing  half the  i n c i d e n t  energy. 
Therefore, t hese  molecules g ive  r ise  t o  an addi t ional ,  superimposed 
v a r i a t i o n  i n  t h e  index p r o f i l e ,  similar t o  t h e  primary v a r i a t i o n  
but  occur r ing  a t  half t h e  range. 

t h e  c r o s s  s e c t i o n s  f o r  displacement i n  t h e  var ious  r eg ions  can be 
computed and the  v a r i a t i o n  of r e f r a c t i v e  index as a func t ion  of 
p o s i t i o n  est imated q u a n t i t a t i v e l y  v i a  Eq. (3 .2) .  Two important 
f a c t o r s  no t  included i n  such a computation a r e  t h e  e f f e c t  on r e -  
f r a c t i v e  index of the microscopic s t r u c t u r e  (rod-shaped regions,  
Fig.A3.4) and t h e  e f f e c t  of the  i n t e r n a l  s t r a i n  produced by t h e  
l o c a l i z e d  v a r i a t i o n s  i n  dens i ty .  For these reasons some experimental  
work i s  recommended, s p e c i f i c a l l y  with 1.5 Mev pro tons  s i n c e  t h e i r  
p e n e t r a t i o n  approximates waveguide s i z e s .  A reasonable  dosage f o r  
a first t r i a l  would be about 1014 protons/cm2, which i s  s u f f i c i e n t  
t o  b a r e l y  s a t u r a t e  t h e  c o l l i s i o n  region.  T h i s  should r e s u l t  i n  an 
index p r o f i l e  i n  which a l l  t h e  c h a r a c t e r i s t i c  v a r i a t i o n s  a r e  wel l  
defined, and w i l l  permit some q u a n t i t a t i v e  observa t ions  of  index 
p r o f i l e  . 
d i a g n o s t i c  purposes, it w i l l  probably no t  produce a single-mode 
waveguide. I n  f a c t ,  i t  may be  impossible t o  form a good single-mode 
waveguide by i r r a d i a t i o n  w i t h  protons of only  one energy. A low 
pro ton  dosage, which would y i e l d  the small index change required,  
r e s u l t s  i n  t h e  complex index p r o f i l e  of Fig.A3.7, while large doses, 
which can s a t u r a t e  t h e  e n t i r e  waveguide reg ion  and t h e r e f o r e  produce 
a very homogeneous l aye r ,  r e s u l t  i n  too  l a r g e  an  index d i f f e rence .  
These d i f f i c u l t i e s  can be avoided by t h e  use of  more s o p h i s t i c a t e d  
r a d i a t i o n  procedures, such as the one d iscussed  below. 

w i t h  1.5 Mev pro tons  a t  a f l u x  j u s t  s u f f i c i e n t  to o b t a i n  t h e  des i r ed  
d i f f e r e n c e  i n  index of r e f r a c t i o n  between t h e  "co l l i s ion-only"  
r eg ion  and t h e  unaf fec ted  region beyond. 
r*"&-.b- n-nfqlp +1111a+-afoii - - - - Y " . . - Y - -  I n  Fig, 3 ; 7 ,  It should then  be p o s s i b l e  t o  

sweep" t h e  co l l i s ion -on ly  region toward the sur face  by reducing 
the pro ton  energy. 
c u r r e n t  must be modulated i n  such a way t h a t  t h e  r e s u l t a n t  d e n s i t y  

Although t h e  index p r o f i l e  descr ibed above i s  complicated, 

While t h e  procedure suggested above i s  intended f o r  

The proposed procedure involves  an i n i t i a l  i r r a d i a t i o n  

This  r e s u l t s  i n  the  

I1 

As t h e  proton energy i s  reduced, t h e  beam 
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of displacements a t  every po in t  corresponds t o  t h e  des i r ed  r e -  
f r a c t i v e  index. I n  o t h e r  words, a f t e r  t h e  i n i t i a l  1 . 5  Mev dose, . 
smaller  doses a t  lower energ ies  w i l l  be used t o  add a d d i t i o n a l  
displacements a s  requi red  t o  l e v e l  ou t  t h e  index p r o f i l e .  

problems of  i n t e r n a l  s t r a i n  and i n a d v e r t e n t l y  introduced co lo r -  
c e n t e r  absorpt ion must be considered. While the  co lo r -cen te r s  may 
be removable by annealing, as discussed i n  P a r t  C f o r  neutron 
i r r a d i a t i o n ,  t h e  i n t e r n a l  s t r a i n  may pose a more fundamental 
problem. 
important par t  i n  any i r r a d i a t i o n  program. It not  on ly  can remove 
co lor -center  absorpt ion,  but can be used f o r  f i n a l  adjustment of 
t h e  magnitude of r e f r a c t i v e  index ( s e e  Sec t ion  1x1  i n  t h e  body of 
t h i s  r e p o r t ) ,  and it may p lay  a r o l e  i n  r e so lv ing  t h e  problem of 
i n t e r n a l  s t r a i n .  

by sur face  processing and provide t h e  p o s s i b i l i t y  of implementing 
p r i n t e d  c i r c u i t  techniques a t  o p t i c a l  f r equenc ie s .  
appear t o  be a s u i t a b l e  form of i r r a d i a t i o n  f o r  such a p p l i c a t i o n s ,  
a d d i t i o n a l  work, much of i t  experimental ,  remains before  proton- 
f ab r i ca t ed ,  p r i n t e d - c i r c u i t  waveguides become a r e a l i t y .  

Although t h i s  technique appears  a t t r a c t i v e ,  t h e  a s soc ia t ed  

It should be noted t h a t  p r e c i s i o n  anneal ing may p l a y  an  

I n  summary, protons a r e  u s e f u l  f o r  waveguide f a b r i c a t i o n  

Although pro tons  

E.  Heavy Ion =rad ia t ion .  

The e f f e c t  of  heavy-ion bombardment i s  similar t o  that of 
protons.  However, t h e  heavy ions  a r e  s i g n i f i c a n t l y  l e s s  pene t r a t ing ,  
and, consequently, cons iderably  h igher  ene rg ie s  a r e  r equ i r ed  t o  produce 
a given depth of p e n e t r a t i o n .  For example, t h e  f a b r i c a t i o n  of a 
27-micron waveguide r e q u i r e s  only  1.5 Mev pro tons  as opposed t o  
7 5  Mev neon ions,  which a r e  more d i f f i c u l t  t o  o b t a i n .  While t h e  
s i t u a t i o n  improves wi th  the  l i g h t e r  i o n s  such as helium, t h e r e  
appears a t  present  t o  be l i t t l e  po in t  i n  working wi th  t h e  heavy ions ,  
s ince  protons have a similar e f f e c t  and a r e  more r e a d i l y  a v a i l a b l e .  
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F. Electron Irradiation. 

Electron irradiation modifies the index of refraction of 
optical materials by either color-center or atomic-displacement 
effects. The characteristics of electron-irradiated targets differ 
from those produced by proton or heavy-ion irradiation because of 
the small mass of the electron. For a given energy the electron 
must be traveling at a higher velocity than other particles. The 
small mass of the electron makes it less efficient in transferring 
energy t o  the target atoms, and it must travel at rekativistic 
velocities to transfer sufficient energy for displacements. There- 
fore, the stopping mechanism for electrons is different from that 
of protons. Ionization is always the predominant stopping process 
and occurs efficiently at all energies above 25 ev (Ref. 17). In 
contrast, direct displacement production by electrons is inefficient 
and can not occur at all for energies below a threshold of about 
300 Kev. 

As a result, there w i l l  be t w o  distinct damage regions 
which do not correspond to the two regions produced by proton 
irradiation. Near the surface of the target material there will 
be an ionization region, similar t o  that in protons, which contains 
a small number of displacements. This is followed by an "ionization- 
only" region of the order of 350 microns containing virtually no 
displacements. 

by mes-2~  of ~ltt.he-?r color-center or atomic-displacement effects is 
possible but does not appear attractive. Atomic displacement effects 
can be ruled out on the basis of the inefficiency of the displacement 
process, as well as the relatively high energies required. Color- 
center effects ape more promising because the ionization efficiency 

The use of electrons for modifying bulk refractive index 

is very high for electron bombardment. However, the energies 
required t o  penetrate a sample of significant size are high and other 
types of ionizing radiation, such as gamma rays, are probably more 
Bijtsl UL IUL' iJli.Li3 puL-puLiL. 
- ------I n-.- L 1 - 3 -  -_____ "~ 

The application of electrons for surface processing of 
waveguides has also been investigated. It appears that modification 
of a surface layer by introduction of atomic displacements is possible; 
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however, the energies involved are of the same order as for protons, 
and the low efficiency of displacement production is a disadvantage. 

A more promising use for electron irradiation is the 
introduction of a thin layer of color centers along a fused silica 
substrate. An incident energy of only 60 Zev will produce an 
"ionization-only" region 27 microns deep in which an index variation 
occurs as a result of color center introduction. This technique will 
only be useful if W color centers can be employed as discussed in 
Part A. 
is particularly attractive because such a waveguide should be 
relatively free of the internal strain which is expected to be the 
main problem with the other surface processing techniques covered 
by this study. 

the radiation effects discussed herein, the waveguide application for 
which it is recommended is the creation of surface layers containing 
induced color centers. 

Formation of a surface waveguide by means of color centers 

While electron irradiation is capable of producing any of 

G. Electromagnetic Irradiation. 
I 

A variety of material changes can be produced by electro- 
magnetic irradiation. These include ionization, atomic displacement, 
chemical changes and thermal effects. The most common is ionization, 
arising from the photoelectric effect, compton scattering or pair 
production (Ref. 12). Atomic displacements may be created by the 
resultant energetic electron, which is referred to as a "delta ray" 
or by any one of several complex ionization effects (Ref. 15). In 
any case, the use of purely ionizing radiation to produce displace- 
ments is an inefficient process. Therefore, for the purposes of the 
present study ionizing electromagnetic radiation, sach as ultra- 
violet light (W), X-rays, and gamma rays, is considered mainly as 
a means of providing free electrons to activate color centers. 
The change in index produced by gamma irradiation of glass is 
illustrated in Fig. A3.2. The general subject of color centers 
was covered in Part B and will not be considered further. 
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Recently, some i n t e r e s t i n g  observa t ions  of t h e  e f f e c t  of 
UV on vacuum-deposited s i l i c o n  monoxide coat ings  have been reported.  
Apparently some chemical e f f e c t s  occur which modify the  index of 
r e f r a c t i o n  of  t he  l a y e r  (Ref. 18) .  However, altnough t h e r e  i s  not 
much data p r e s e n t l y  ava i lab le ,  t h i s  phenomenon may b e - o f  i n t e r e s t  
in t h e  f u t u r e .  

Electromagnetic r a d i a t i o n  i n  the  i n f r a r e d  and v i s i b l e  
po r t ions  of t he  spectrum i s  not s u f f i c i e n t l y  ene rge t i c  t o  cause 
ion iza t ion ,  s ince  the  photon energy i s  l e s s  than t h e  ion iza t ion  
p o t e n t i a l  f o r  most ma te r i a l s  (13.6 ev f o r  oxygen). Therefore,  
r a d i a t i o n  a t  these  wavelengths produces only  thermal e f f e c t s ,  similar 
i n  cha rac t e r  t o  index of r e f r a c t i o n  changes t ha t  occur during 

s 

d 

anneal ing.  However, l oca l i zed  index changes produced i n  t h i s  way 
are of  i n t e r e s t ,  s ince  t h e  c rea t ion  of a high-index sk in  on the  
sur face  of a glass sample would form a d i e l e c t r i c  waveguide. Such 
l o c a l i z e d  heat t r e a t i n g  yould necessa r i ly  introduce considerable  
i n t e r n a l  s t r a i n ,  but t h i s  may not  be any more severe a problem than  
i t  w i l l  be w i t h  p ro ton  i r r a d i a t i o n .  For these  reasons loca l i zed  
heat t r e a t i n g  i s  considered a worthwhile subjec t  fo r  f u t u r e  s tudy.  

H. Conclusions and Recommendations 

It has been shown t h a t  r a d i a t i o n  e f f e c t s  can be grouped 
i n t o  two ca tegor ies ,  bulk and surface e f f e c t s .  For waveguide 
a p p l l c a t i o n s  bulk i r r a d i a t i o n  e f f e c t s  do not compare favorably w i t h  
t h e  more convent ional  aDproaches such as heat  re- t reatment .  However, 
two bulk  index modif icat ion e f f e c t s ,  worthy of f u r t h e r  considerat ion,  
a r e  gamma-ray a c t i v a t i o n  of UV color  c e n t e r s  and neutron c r e a t i o n  
of  atomic displacements.  Experimental eva lua t ion  of these  techniques 
i s  recommenqed because of t h e  in s igh t  they  may y ie ld  i n t o  similar, 
but  more complicated, su r f ace  i r r a d i a t i o n  e f f e c t s .  

p r i n t e d - c i r c u i t  o p t i c a l  waveguides and components w i l l  be t he  main 

which p r e s e n t l y  appear promising are proton and e l ec t ron  i r r a d i a t i o n .  
Proton i r r a d i a t i o n  forms a waveguide by increas ing  the  r e f r a c t i v e  
index i n  a 501 surface layer along a fused s i l i c a  subs t r a t e  by means 

The p o s s i b i l i t y  of using i r r a d i a t i o n  techniques t o  f a b r i c a t e  

msti\-ztisc fsr I P - r C - r n o  U”U&” T.rnmlr  . .Y *&L ”E radiation effects Two t;f?c,kl_n-I q l e R  
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of  atomic-displacement e f f e c t s .  
nique i s  t h e  i n t e r n a l  s t r a i n  a s soc ia t ed  with such 'a l a y e r .  
a l t e r n a t e  approach i s  t o  use low-energy 
produce a high-index l a y e r  of similar s i z e  by co lo r -cen te r  a c t i v a t i o n .  
It appears  that such e l e c t r o n i c  i r r a d i a t i o n  may not  produce severe 
i n t e r n a l  s t r a i n .  However, loss cons idera t ions  r e q u i r e  the  use of 
W- loca ted  color  c e n t e r s  on which r e l a t i v e l y  l i t t l e  l i t e r a t u r e  i s  
a v a i l a b l e .  

d i r e c t e d  toward su r face  processing techniques employing e l e c t r o n s  
and protons as discussed above. 
d i agnos t i c  work, inc luding  i r r a d i a t i o n  of bulk samples w i t h  neutrons 
o r  gamma rays ,  may be r equ i r ed .  h r t h e m n o r e ,  a d d i t i o n a l  i r r a d i a t i o n  
techniques such a s  W-induced chemical changes and l o c a l i z e d  hea t  
t r e a t i n g ,  by means of focused I R  beams, should cont inue t o  be 
considered. 
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